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Notice 


This volume is the twentieth of a series constituting 
the official proceedings of the Institute of Metals Division 
of the American Institute of Mining and Metallurgical 
Engineers. It deals with nonferrous metals and includes 
papers presented at the New York Meeting, Oct. 16-17, 
1945, and the Chicago Meeting, Feb. 25-28, 1946. The 
complete list of publications and proceedings, including the 
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FOREWORD 


: HERE again, in Volume 166 of the TRANSACTIONS of the American Institute of 
_ Mining and Metallurgical Engineers, which is the twentieth volume of the proceed- 
ings of what is now known as the Institute of Metals Division, is the annual evidence 
of a remarkable cooperative effort. 

Included are some thirty-five contributions from industrial, academic, and 
governmental investigational institutions. The total man-hours that went into the 
work leading to these publications is practically impossible of estimation. To be 
sure, it may be assumed that full value was received for the cost of the direct investi- 
gational work, but there remained no obligation whatsoever to make the material 
available for general benefit. Also, it is probably not generally recognized how much 
extra work is involved in preparing such papers for publication. It is almost invari- 
ably the rule that the authors find it necessary to do a considerable amount of the 
writing and arrangement on their own time. After the authors have nursed their 
brain child into some fairly respectable form it is usual that it be subjected to 
criticism by their immediate superiors and colleagues. From there, the prospective 
paper then goes to the organization’s editorial committee, where usually it is given 

another inspection by an additional two or three individuals. All of this takes man- 

hours, many of them “‘extracurricular.”’ Finally, the paper is then ready for submis- 
sion to some technical, scientific, or professional society for presentation and 
possible publication. 

If the paper is submitted to the Institute of Metals Division it goes to the 

_ Publications Committee, under the chairmanship of E. A. Anderson this year. The 
members of this committee or qualified readers to whom they may refer it for ex- 
a pert opinion examine the paper with respect to its. suitability for presentation at 
= some meeting of the Division in view of the membership’s general interest. This 
committee has the very disagreeable job of looking gift horses in their mouths and 
_ declining any that appear unsuitable from the standpoint of interest to the members 
and quality of the paper. 

After having been critically examined, and perhaps revised according to sug- 
gestions of readers, the paper may be accepted for publication. Then, the Programs 
Committee, under A. A. Smith, Jr., this year, must arrange for its presentation at. 
some meeting of the Division or Institute, seeing that the paper is accompanied 
by others on related subjects and that opportunity is provided for free discussion. 
a Incidentally, the Programs Committee often—for example, in the case of the 
- symposium on extrusion published in this volume— takes the initiative, and by 
- direct solicitation obtains papers_on specific subjects for definite meetings. Before 
ma presentation, the paper must be preprinted, and distributed either before or at the 
g meeting, which mechanical functions are performed so ably by the central office of 
the Institute as to be generally overlooked. After presentation, the discussion of the 
_ paper must be arranged and printed and, finally, all the papers assembled to make 
up a volume such as this. 
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4 FOREWORD 


There is represented in this volume another instance of cooperative work in the 
symposium on powder metallurgy, which was arranged by the Powder Metallurgy 
Committee under F. N. Rhines as chairman. Some twenty individuals serve on such 
a committee as this, giving unstintedly of their time, and the results of those efforts 
are particularly evident in the instance of the Powder Metallurgy Committee by 
reason of the manner in which an exceedingly confused and controversial subject — 
was brought into a state of excellent organization in a matter of a very few years. 

This volume, then, is the culmination of all these activities. It is evident that the 
amount of labor involved, most of which is contributed gratuitously, is enormous. 
It may well be asked: What is the reason so many individuals do a great ‘deal of work 
over and beyond that necessary for the maintenance of their jobs and livelihoods? 
I will not attempt to answer the question but will merely suggest that our many 
technical, scientific, and professional societies are excellent examples of the fact that — 
cooperative effort toward common good can be successful. Is there any fundamental 
reason why such cooperative effort toward even more important common goals can- 
not be expanded to embrace all the peoples of the world? 


L. W. Kemper, Chairman, 
Institute of Metals Division. 
CLEVELAND, OHIO 
June 12, 1946. 
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THE electron microscope techniques and 
_ their application to magnesium alloys that 
_ are to be discussed in this paper are the 
result of research at The Dow Chemical 

Co. over the past three years. The view- 
_ point underlying the work is not wholly 
; metallurgical, but has evolved through a 
_ variety of problems related to the physics 

_and chemistry of surfaces. It can be said 
: _ that the interest and stimulus were closely 
associated with a desire to employ effec- 
tively the electron microscope in research 
concerning the properties of solids as 
related to their physical structure. Only 
a portion of this work will be described 
Biicre, and, consequently, many points of 
interest and debate are of necessity either 
‘only briefly recognized or are completely 
omitted. 

As has been pointed out by Desch,! 
great deal of the knowledge of the rate 
ture of metals has been obtained through 
_ microscopic studies of the surfaces of 
metallic specimens prepared in a particular 
‘s manner. This information, when added to 

‘that obtained by means of thermal, elec- 

trical, X-ray, dilatometric and _ other 

“methods, has been of great value both 
Y from a theoretical and a practical view- 
point. With the introduction of new instru- 
“ments such as the electron diffraction 
mera and the electron microscope, it 
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tion could be obtained. These two instru- 
ments have in many instances been very 
effective when directed toward the investi- 
gation of metallic surfaces, provided the 
proper methods of surface preparation were 
employed. Experience shows that the prob- 
lems of surface preparation greatly limit 
the general application of these instru- 
ments to metallographic studies. 

It was found necessary to discard the 
standard metallographic procedures in 
applying the electron microscope to magne- 
sium alloys and to work out new methods, 
which were required to satisfy certain 
conditions. These methods are unique to 
magnesium only in the specific chemical 
reactions occurring during etching. 

The presentation of the methods and 
results will be ordered as follows: 

1. Electron Microscopy of Surfaces. 

2. Surface Preparation of Magnesium 
Alloys. 

3. Discussion of Microstructures. 

a. Pure Magnesium and Single-crys- 
tal Studies. 
b. Types of Precipitation. 
. Some Common Structures. 
d. Special Micrographs and Tech- 
niques. : 
e. Structure of Mg-Al Solid Solutions. 

4. Correlation of ‘‘Fine Structure” with 

Corrosion Behavior of Magnesium Alloys. 


is 


ELEcTRON Microscopy OF SURFACES 


It seems unnecessary to present more 
than a very brief recapitulation of the 
features of the present-day electron micro- 
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scope and the problem of applying it to 
solid surfaces. Numerous articles and 
papers deal with the design, construction 
and principles of this instrument.* Its 


Polystyrene Polystyrene -200A 
Molding Molding 
+[~_- 
Evaporated Silica 
Silica Film Replica 


Fic. 1.—REPRODUCTION OF SURFACE CONTOURS BY THE POLYSTYRENE-SILICA REPLICA. 


specific application to surface-contour 
investigations has been described?~*® in 
detail. 

The use of an electron beam as illumi- 
nating radiation imposes severe restrictions 
on the type of specimen that may be 
examined. Among the restrictions are: 

1. The most satisfactory images are 
obtained with transmission specimens. The 
penetrating power of a stream of electrons 
is small, and 60-kv. electrons do not pro- 
duce images of high quality after penetrat- 
ing more than about 300A of matter. 

2. It is necessary that the specimen be 
in an evacuated space (about 1074 mm. 
Hg), since the presence of air or other 
gases causes ionization. 

Point 1 is the major consideration in 
metallographic applications. If the surfaces 
of matter in bulk are to be examined with 
a transmission-type electron microscope, 
it is necessary that not more than about 
300A. be penetrated in forming the image. 
The present solution to this difficulty is 
the use of a surface replica, or thin film of 
material that has impressed into it all of 
the contours of the original surface. Of the 
several suggested methods*4 of producing 
such replica films, only the polystyrene- 
silica replica will be considered for this 


*For discussion and references see A. F, 
Prebus: Alexander’s Colloid Chemistry, 5, 
152. Reinhold Pub, Co. New York (1945). 


work. Fig. 1 illustrates the principle of 
such a replica, while the actual steps? 
required to produce the final film are 
enumerated below: 


1. Onto the prepared surface is pressure- 
molded a thermoplastic, polystyrene, which 
produces a first impression of the surface 
contours. 

2. The polystyrene molding is separated 
from the original surface mechanically or, 
if necessary, by dissolution of the sample 
in an appropriate reagent. 

3. Silica is vaporized onto the surface 
of the polystyrene molding to produce the ~ 
final replica film. 

4. The silica film, still on the molding, 
is scribed into 1-in. squares and the 
whole is then placed in a dish containing 
a solvent consisting of ethyl bromide with 
10 per cent benzene. The silica squares are 
released from the polystyrene within a few 
minutes and are thereupon transferred to 
fresh solvent for rinsing. They are then 
picked up from the rinse solution on 1¢-in. 
disks of 200-mesh stainless steel, which 
serve as specimen supports for the electron 
microscope. The portions of the film 
stretched over the holes in the screen are 
imaged by the electron microscope and 
photographed directly. The intensity vari- 
ations in the final image result from 


thickness variations in the replica film, — 


which in turn depend on the contours of — 
the original surface as illustrated in 
Bigvers 
Although such a process may appear — 
complicated and clumsy, a replica may be 
turned out in less than 45 min. when thes i 
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equipment and technique have been organ- 

ized. In general, more time is spent exam- 
__ iming the fields in the microscope than in 
_ making the replica. Many hundreds of 
surfaces have been examined in these 
laboratories by this method. 

The faithfulness of reproduction of sur- 
face contours has been investigated,? with 
the following results:. 

1. The electron images of the silica 
replica are very similar in general appear- 
ance to ordinary micrographs of the 
original surface (see ref. 3). 

2. Structural details or contour changes 
of less than rooA (ref. 2) in size can be 
_. detected using the silica replica. Although 
the resolution of the magnetic electron 
microscope is estimated to.be about one 
__ third of this figure, the resolution obtain- 
__ able with the replica is still some 30 times 
better than that of the light metallo- 
graphic microscope. The depth of focus 
of the electron microscope is of the order of 
to times that of the light microscope, which 
means that quite large elevation changes 
can be accommodated. 

All of the electron” micrographs of 
this paper were made as just described, 
using an RCA electron microscope, type 
B. ; 

Electron micrographs of the surface con- 
tours of a specimen are only a part of the 
__ information desired. Such images give no 
more information than can be deduced 
from size and shape. With properly pre- 
pared surfaces, however, further informa- 
tion as to the crystallographic features of 
the surface can be obtained by means of 
electron diffraction.*’ By the so-called 
‘reflection method, the identity of the 
surface projections normal to the incident 
beam, and sufficiently thin to allow 
_ transmission, can often be ascertained; 


_ specimen will produce the greater portion 
of the diffraction pattern. This matter is 
discussed in ref. 7 and several applications 
will be found there. 


SURFACE PREPARATION OF 
MacGnesium ALLoys 


The method used at present for pre- 
paring magnesium specimens for both 
electron microscope examination and elec- 
tron diffraction identification of phases has 
been found to be uniquely successful. No 
effort will be made to trace the extensive 
development, which was initiated when 
standard etchants for light microscope work 
were found quite inadequate (see p. 20) 
for electron microscopy. Rather, the condi- 
tions and method are first outlined and then 
compared with standard metallographic 
results. 

The requirements for a metallographic 
surface preparation suitable for electron 
microscope and electron diffraction work 
are considered to be the following: 

1. Sufficient metal must be removed 
from the ground surface by chemical 
methods to ensure the absence of any dis- 
torted or fragmented metal in the regions 
to be studied. 

2. The etching reagent must be selective 
for the structures in question; i.e., the rates 
of dissolution of different phases or com- 
ponents must differ sufficiently to produce 
the required surface contours. The order of 
attack of the various phases present should 
be known. 

3. The etching reagent should not 
produce surface films or stains that cannot 
be removed by subsequent rinsing. 

4. The chemical behavior during etching 
must be controlled so that no component 
of the alloy is dissolved and then rede- 
posited on the etched surface (see ref. 7). 

5. The rinsing procedure employed in 
conjunction with the etchant must remove 
any reaction products deposited and 
produce a surface that is free of oxide or 
hydroxide films and grease. The criterion 
for cleanliness is simply that electron dif- 
fraction reflection from the surface shall 
yield a pattern for the metallic constituents. 

This set of requirements is not restricted 
to magnesium alloys, but applies to any 
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alloy system. The first requirement for 
most alloys is usually met by electrolytic 
polishing methods. Requirements 2, 3 and 
4 are specific to the alloy being investigated. 
Requirement 5 has been satisfied for 
several alloy systems by a series of rinses 
described in ref. 7. These rinses were first 
employed for magnesium surfaces. 

For nearly all magnesium alloys, re- 
quirements 1, 2, 3 and 4 are satisfied by a 
single chemical reagent, which removes 
sufficient metal in a short time to eliminate 
the damage done by grinding and also 
produces a selective etch attack. This 
reagent is an anhydrous, organic etchant 
consisting of a mixture of one part methyl 
iodide and one part dry methyl alcohol to 
which is added a crystal or two of iodine to 
initiate the reaction. 

The actual procedure employing the 
methyl iodide reagent and the subsequent 
rinses is as follows: 

1. The specimen is abraded on No. 1 
metallographic paper under dry benzene. 

2. It is immediately transferred to the 
etchant, which is generally used in 25-c.c. 
amounts for samples roughly 14 in. 
square. A small glass vessel about 5 cm. 
in diameter and 10 cm. deep is convenient. 
The mixture usually is heated slightly in 
warm water to aid in starting the reaction. 
The etchant is mixed as used. 

3. After the reaction has continued vig- 
orously for 2 to 3 min., the specimen is 
rapidly transferred to the first of a series of 
three rinse solutions. The purpose of this 
sequence of rinses is to displace the etching 
solution with an inert liquid without de- 
position of foreign materials. The samples 
are agitated for about 5 sec. in each and 
transferred rapidly to the next. 


Rinse 1 consists of 1 part methanol: 1 part 
acetone + 0.5 per cent formic acid. 
Rinse 2 is the same as rinse t but without 
formic acid. 
Rinse 3 is clean, dry benzene. 


4. Dry in a blast of clean, warm air. 


The 25 c.c. of etchant and 50-C.c. 
batches of each rinse may be employed for 
several samples before it is necessary to mix 
a new set. 

The chemistry involved in the etching 
reaction has not been investigated. Meth-_ 
oxy magnesium iodide is a possible prod- 
uct, although probably it is unstable. The 


reaction is very vigorous when once started 


and may heat the etchant sufficiently to 
boil away the methyl iodide. Fortunately, 
the rate is quite sensitive to temperature 
and hence can be easily controlled by heat-. 
ing or cooling in a stream of water. 

Caution must be exercised in using the 
etchant. The hands should be kept away 
from the top of the vessel during etching, 
by the use of long-handled Monel-metal 
tweezers with which to hold the sample. 
The specimen must be held under the sur- 
face of the etchant, because of the copious 
gas evolution. Both the reagent and the 
fumes given off will produce blisters on 
the hands, followed by drying and painful 
cracking. Gloves of any kind are not 
recommended. The tweezers and frequent 
washing of the hands are the safest means 
for preventing burns. 

Numerous organic halides have been 
tried, but methyl iodide is generally the 
most satisfactory. Alcohols higher than 
methyl greatly reduce the rate of attack.* 
In general, the rate decreases as the amount 
of hydrocarbon, either as alcohol or halide, 
increases. The rate of attack also decreases 
in the order iodide, bromide, and chloride. 

The initiation of the etching reaction 
deserves some discussion, since some early 
difficulties were experienced here. It was | 
found that for pure magnesium the reaction 
could be converted from an isolated pit 
attack to a general surface reaction only 
when the specimen was prepared in a cer- 
tain way. The presence of films of hydroxide 
or oxide on the surface is sufficient to allow 


_*Ethanol is recommended for electron 
diffraction studies on magnesium-zine alloys. 
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tendency to form oxides or hydroxides. 
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only a few isolated spots to undergo reac- 
tion with the etchant. 
Immediately after grinding, a magnesium 


_ specimen abraded in air will yield an elec- 
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methyl iodide reagent than does the bulk 
metal. 

As mentioned, a crystal or so of iodine 
is employed in the reagent. It does not 


TIME IN MINUTES 
Fic. 2.—LOoss IN WEIGHT OF PURE MAGNESIUM IN METHYL IODIDE ETCHANT AT 75° TO 85°F. 


tron diffraction pattern for magnesium 
oxide. Contact with liquid water will re- 


_ sult in the formation of magnesium hydrox- 


ide. Grinding under a medium such as dry, 
reduces the 


The state of the surface, although free of 
films, greatly influences the starting of the 


_ reaction. A pure magnesium surface formed 
- by actual polishing on broadcloth under 
_ benzene will not be uniformly attacked, 
but again will be pitted severely. This is 
attributed to the formation of a polish 
layer (ref. 6, chap. 


13) which has been 
shown to possess considerably different 
- physical and chemical properties from the 


a bulk material. This layer on magnesium 
appears much less reactive with the 


seem to affect the general nature of the 
etch attack, but does greatly aid in sensi- 
tizing the reaction. The sensitizing by 
iodine is demonstrated for pure magnesium 
by the curves of Fig. 2, where weight loss 
per unit apparent area is plotted against 
time. With no iodine present, the surface is 
badly pitted after one minute in the reagent 
and the attack does not become general 
until 3 to 4 min. have elapsed. Withiodine 
present, however, the reaction first starts 
at a few scattered spots on the surface and 
then rapidly spreads until the entire sur- 
face takes part. 

With magnesium-aluminum solid solu- 
tions, it was found to. be nearly impossible 
to start the reaction without iodine 
present. The attack of the various com- 
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ponents in a magnesium-aluminum alloy 
are, in the order of decreasing rate: (1) pure 
magnesium, (2) Mg-Al solid solution, (3) 
intermetallic compound Mgi7Aly. The 
solid solutions and intermetallic compounds 
are generally more slowly attacked, except 
the magnesium-cadmium system, in which 
the rate is in excess of that for pure mag- 
nesium. None of the metals, zinc, alumi- 
num, cadmium, beryllium, are themselves 
reactive, although their solid solutions in 
magnesium are attacked. 

Etchants other than methyl iodide can 
be employed and clean surfaces obtained 
if the rinsing schedule is maintained. The 
type of attack is not so desirable, however, 
and the methyl iodide reagent is far more 
sensitive to structural heterogeneities, as 
will be seen in the following pages. 

The chief disadvantage of the methyl 
iodide reagent is the macroroughness of the 
finished surfaces. They are generally quite 
rolling or wavy, as a result of the gas 
evolution during etching, and consequently 
are not satisfactory for light microscopy. 
The depth of the etch is generally greater 
than that recommended for high-magnifi- 
cation light microscopy. For electron 
microscopy and electron diffraction, how- 
ever, such surfaces are quite suitable. This, 
again, is a matter of the focal depth of the 
two types of microscopes. 

To illustrate more clearly the character 
of the etchant used, two light micrographs, 
two electron micrographs and two electron 
diffraction patterns are given comparing 
the conventional acetic glycol etch with the 
methyl iodide etch. Fig. 3a is a light micro- 
graph of a Mg + 8 per cent Al alloy in the 
heat-treated and aged condition. The 
etchant is the acetic glycol used generally 
on magnesium.® A very fine pearlitic type 
of precipitation is evident, with apparently 
some background within the grains, the de- 
tails of which are not resolvable. There is a 
line structure within some of the grains, as 
though possibly the result of grain refine- 
ment, but the true significance of these 


lines is not evident. Fig. 3c is an electron 
micrograph of the same specimen with the 
same etch as in Fig. 3a. The pearlitic type 
of precipitation is seen to be coarse plate- 
lets. There is a structure within the grain ~ 
consisting of a very fine distribution of 
platelets with a line of coarser platelets 
through the center of the grain. This is 
evidently one of the intragranular lines 
seen in Fig. 3a. ; 

Fig. 3) is a light micrograph of the same 
specimen, prepared with the methyl iodide 
etchant. Note the extreme waviness of the 
surface and the inability of the light micro- 
scope to maintain focus throughout the 
field. Fig. 3d is of the same surface as Fig. 
3b viewed with the electron microscope. 
The greater depth of focus of the latter 
instrument is clearly apparent. The same 
general features are present in both Figs. 
3c and 3d, but a greater sharpness and 
clarity of outline is seen in Fig. 3d. More 
fine detail is also present. Fig. 3e is an 
electron diffraction pattern from the sur- 
face of Fig. 3a showing a pattern for 
Mg(OH)s, while Fig. 3f is from the surface 
of Fig. 3b, showing the pattern of Mgi7Alie. 
Thus, with the conventional metallo- 
graphic techniques, a surface film is formed, 
which obscures the details. An etchant 
such as the methyl iodide, by contrast, 
leaves no film and the true metallic details 
can be seen in sharp outline. 


DIscUSSION OF MICROSTRUCTURES 


No one field of magnesium metallurgy 
will be covered in detail, but rather a 
short survey will be given, illustrative of 
the accomplishments of the electron . 
microscope as used in these laboratories. 


Pure Magnesium and 
Single-crystal Studies 


The high resolution of the electron 
microscope can be used to good advantage 
in studies of small amounts of impurities 
in pure metal and in research in crystal 
mechanics. Such things as slip-line spacing, — 
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oa 
CONDITION. 2 
; Acetic Glycol Etchant Methyl Iodide Etchant 
a. Light micrograph. Original magnification 6. Light micrograph. Original magnification 
i250: 250. 
Electron micrograph. Original magnification d. Electron micrograph. Original magnification 
5000. 5000. 
. Electron diffraction reflection pattern for /. Electron diffraction reflection pattern for 
a magnesium hydroxide. Megi7Al. 


Reduced approximately one third in reproduction. 
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twin formation, crystal habit, etch-pit 
characteristics can be examined in detail. 
In this way information beyond that so far 
possible by other techniques may be 
gained. 


a 
Fic. 4.— HIGH-PURITY AND COMMERCIAL CELL MAGNESIUM: 
a. Distilled magnesium crystal. Original magnification 6500. 
b. Commercial cell magnesium with inclusions indicating impurities (0.02 per cent Fe, 0.05 
Mn). Original magnification 5500. 
Reduced approximately one-third in reproduction. 


Fig. 4a@ illustrates a crystal of distilled 
magnesium with only negligible impurities 
detectable by spectroscopic analysis. The 
black spot in the center is a dust particle, 
useful for focusing. Even in this pure mag- 
nesium, however, there is some faint 
structure in the center. Fig. 4b is an electron 
micrograph of normal commercial cell 
magnesium, containing 0.002 per cent Al, 
0.001 Cu, 0.02 Fe, 0.05 Mn, 0.003 Si and 
o.oo1 Cd, Ni, Sn and Zn. The effect of 
these normally contained impurities on the 
microstructure is apparent. 

In Fig. 5 is shown the unetched surface 
of a single crystal of magnesium grown by 
condensation of the vapor. Great care was 
taken to avoid working the crystal, never- 
theless it is possible that the prominent 
lines are slip lines. On the other hand, the 
lines could be evidence of growth charac- 
teristics of magnesium, possibly traces of 
the basal plane. 


The appearance of slip is illustrated in 
Fig. 6. The micrograph shows a pure mag- 
nesium specimen, as cast, etched, then 
squeezed in a vice, with no further treat- 
ment of the surface. True slip lines are 


visible in only one of the three crystallites. 
The wavy lines in one of the grains are due 
not to slip, but to the etch attack. 

A striking picture of twins in a single 
crystal of a Mg + 1.5 per cent Mn alloy 
is shown in Fig. 7. An interesting feature 
is a discontinuous change of direction on 
one side of a twin band, but an apparently 
continuous change on the other side. 

Fig. 8 is another electron micrograph of a 
single crystal of Mg + 1.5 per cent Mn 


alloy, this time showing precipitation. 


X-ray diffraction indicated that the nor- 
mal to the surface shown is 8° from the pole 
of the basal plane. Thus, precipitation is 
occurring on the basal plane, along the 
three principal directions. 
Fig. 9 is of a Mg + 6 per cent Al alloy — 
in the heat-treated and quenched condi- — 
tion. For some unknown reason a crystallo- — 
graphic etch pattern was produced. This 
pattern is not obtained if any precipitation -_ 
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‘has occurred. An interesting feature of this from solid solution. It may be expected that 
picture is the manner in which the two _ initial stages in the precipitation process 
grains merge into one another. can be observed, that directional effects 


Fic. 5—UNETCHED SURFACE OF MAGNESIUM CRYSTAL CONDENSED FROM THE VAPOR STATE. 
Lines may be due to either slip or growth characteristics in the crystal. Original magnification 

6500; reduced approximately one third in reproduction. 
_ Fic. 6.—S.iP LINES IN PURE MAGNESIUM, AS CAST. 
f Specimen deformed in compression after etching with true slip lines appearing in the lower 
- crystal only. Original magnification 6000; reduced approximately one-third in reproduction. 
__ Fic. 7—TwIns IN A SINGLE CRYSTAL OF AN ALLOY OF MAGNESIUM PLUS 1.5 PER CENT MANGANESE. 

Original magnification 6000; reduced approximately one-third in reproduction. 
; Frc. 8.—PRECIPITATION IN A SINGLE CRYSTAL OF AN ALLOY OF MAGNESIUM PLUS 1.5 PER CENT 
MANGANESE. 
The precipitation occurs as plate-shaped particles on the basal plane along the three principal 
_ directions. Original magnification 7000; reduced approximately one third in reproduction. 


‘ - Types of Precipitation may be clearly defined and that structure 


_ Asecond basic field for careful study by within the precipitated particles them- 
electron microscope technique is that of selves may be found. 
"precipitation of second-phase material One example of striking orientation of 
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precipitation in a Mg +1.5 per cent Mn -+ 1.5 per cent Mn alloy, as cast. In the 
alloy was given in Fig. 8. In general, three light microscope, they appear as random 
distinct types of precipitation are found in dots, not resolvable particles. Note the 


Fic. 9.—CRYSTALLOGRAPHIC ETCH ATTACK IN A SOLID SOLUTION OF MAGNESIUM PLUS 6 PER CENT 
- ; ALUMINUM. 
Original magnification 6500; reduced approximately one third in reproduction. 
Fic. 10.— GLOBULAR PARTICLE PRECIPITATION IN AN ALLOY OF MAGNESIUM PLUS I.5 PER CENT 
MANGANESE AS CAST. 

The presence of such particles as these is evident in the light microscope but they cannot 
be individually resolved. Original magnification 5500; reduced approximately one third in 
reproduction. 

Fic. 11.— COARSE LAMELLAR PRECIPITATION IN AN AGED ALLOY OF MAGNESIUM PLUS 10 PER CENT 
at : : ALUMINUM. 
Original magnification 6000; reduced approximately one third in reproduction. 
Fic, 12.—FINE LAMELLAR PRECIPITATION IN AN AGED ALLOY OF MAGNESIUM PLUS 7 PER CENT 
- : _ ALUMINUM AND 3 PER CENT ZINC. 
Original magnification 6500; reduced approximately one third in reproduction. 


magnesium alloys. The first of these (Fig. structure within the particles. Several 
to) is a series of globules appearing at stages of coagulation of two or more par- 
random throughout the grain in a Mg _ ticles are also present. 


R. D, HEIDENREICH, C. H. GEROULD AND E. £. McNULTY 25 


Fic. 13.—WIDMANSTATTEN TYPE PRECIPITATION IN AN AGED ALLOY OF MAGNESIUM PLUS 3 PER 
CENT ALUMINUM AND 7 PER CENT ZINC. 

The directional platelike particles change direction at a grain boundary. Original magnification 
6500; reduced approximately one third in reproduction. 

Fic. 14.— HEAT-TREATED, QUENCHED AND AGED ALLOY OF MAGNESIUM PLUS 9 PER CENT ALUMINUM, 
2 PER CENT ZINC AND 0.2 MANGANESE. 

A massive piece of undissolved Mgi7Alj2 with surrounding Widmanstatten type precipitation 
and beds of lamellar precipitation. Original magnification 4500; reduced approximately one third 
in reproduction. 

Fic. 15.—CROSS-ROLLED ALLOY OF MAGNESIUM PLUS 6 PER CENT ALUMINUM, I PER CENT ZINC AND 
0.2 PER CENT MANGANESE, AFTER AGING, SHOWING TWINNING AND VERY FINE PRECIPITATION, 

Small black globular particles widely scattered over the surface are presumably actual particles 
of Mgi7Ali2 transferred from the metal specimen to the silica replica. Figs. 20 and 21 are further 
examples of this phenomenon. Original magnification 6500; reduced approximately one third in 
reproduction. 

Fic. 16.—GLOBULAR PARTICLE PRECIPITATION IN A ROLLED ALLOY OF MAGNESIUM PLUS 1.5 PER 
CENT MANGANESE PLUS 0.3 PER CENT CERIUM. 

Scattered coarse particles are resolvable with the light microscope but the fine particles are com- 

pletely invisible. Original magnification 7000; reduced approximately one third in reproduction. 


ae 
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Fic. 17.—EUTECTIC STRUCTURE IN AN ALLOY OF MAGNESIUM PLUS 32.2 PER CENT ALUMINUM 
AS CAST. 

Rodlike Mg solid solution, characteristic of this eutectic composition, has been sectioned 
transversely in the region shown. The circular structure thus consists of the pits from which 
the Mg phase has been removed by the etchant. The surrounding matrix or ridges consist of 
MgirAli. Original magnification 4500; reduced approximately one third in reproduction. 

Fic. 18.—ExTRUSION OF FINE-GRAINED ALLOY OF MAGNESIUM PLUS 1.5 PER CENT MANGANESE 
WITH FINE PARTICLE PRECIPITATION. 
Original magnification 6500; reduced approximately one third in reproduction. 
FIG. 19.—HEAT-TREATED AND AGED FORGING OF AN ALLOY OF MAGNESIUM PLUS 8.5 PER CENT 
ALUMINUM, 0.5 PER CENT ZINC AND 0.2 PER CENT MANGANESE. 

A few scattered spherical particles of massive compound may be seen with fine globular 
precipitation and lamellar precipitation. Original magnification 6500; reduced approximately 
one third in reproduction. 

Fic. 20.—PURE MAGNESIUM AS CAST, WITH GRAPHITE PLATELETS ON SILICA REPLICA. 

Mg containing carbon in which some of the graphite inclusions were transferred from the 
etched surface of the metal to the silica replica in the form of very thin platelets. Original mag- 
nification 6500; reduced approximately one third in reproduction. 
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A second type, lamellar precipitation, is 
illustrated in Fig. rr. In the light micro- 
scope, this aged Mg + 10 per cent Al alloy 
closely resembles pearlite and in the elec- 
tron microscope it is seen to consist of a 
series of coarse plates. A very much finer 
distribution of lamellar precipitation is 
shown in Fig. 12. The details shown here 
are not resolvable, of course, in the light 
microscope. 

A third type of precipitation is a Wid- 
manstatten arrangement of particles, ap- 


pearing in the light microscope as parallel ° 


lines within a grain. Their appearance in the 
electron microscope (Fig. 13) from an aged 
Mg + 3 per cent Al+ 7 Zn alloy is a 
series of platelike particles, ordered in 
direction within a given grain, and chang- 
ing this direction at a grain boundary. 


Some Common Structures 


Fig. 14 is of an alloy of Mg + 9 per cent 
Al + 2 Zn + 0.2 Mn, in the heat-treated, 
quenched, and aged state. A piece of mas- 
sive, undissolved Mgi7Al12, Widmanstatten 
precipitation and pearlitic-type precipita- 
tion are all shown. The similarity between 
this electron micrograph and a light 
micrograph is striking. 

An alloy of Mg+6 per cent Al+1 
Zn + 0.2 Mn cross-rolled and aged is 
illustrated in Fig. 15, showing twinning 


_and some fine precipitation within the 


twins. 

A heavily cold-rolled Mg + 1.5 per cent 
Mn + 0.3 Ce alloy is shown in Fig. 16. 
A few large particles and many small ones 
are visible. This micrograph is interesting 


because it reveals the small particles that 


are invisible with the light microscope. 
The appearance of a eutectic is given in 

Fig. 17, which shows a Mg + 32.2 per cent 

Al alloy, as cast. There is a pronounced 


- three-dimensional effect in this electron 


micrograph, with the Mgi7Alj. standing in 
relief. The Mg phase has been etched 


away, leaving the deep pits between the 


MgizAlhz ridges. 
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An example of a very fine-grained metal 
is given in Fig. 18, representing Mg + 1.5 
per cent Mn alloy extrusion. Very fine 
particle precipitation is also exhibited. 

The appearance of a forging of an alloy 
of Mg + 8.5 per cent Al+o.5 Zn + 0.2 
Mn heat-treated and aged is shown in Fig. 
19. A great deal of detail is shown, none of 
which is clearly evident in the light micro- 
scope. Globular precipitation, lamellar 
precipitation, and some massive compound 
are all present. 


Special Micrographs and Techniques 


During the course of research on a 

variety of subjects using the electron micro- 
scope, a number of interesting specialized 
techniques were developed. Most of these 
emphasize the importance of close col- 
‘laboration among various investigational 
methods for obtaining maximum results. 
Examples of the most interesting of these 
techniques are given. 

Occasionally a small inclusion in the 
metal sample will stick to the polystyrene 
replica and then be transferred to the silica 
replica. When this happens, the inclusion 
itself, rather than a replica of the inclusion, 
is seen in the microscope. A striking 
example of this is shown in Fig. 20, of a 
replica of a magnesium sample containing 
carbon. Electron diffraction studies of the 
silica replica revealed that the dark plate- 
lets are graphite. Apparently flakes of free 
graphite were suspended in the melt before 
freezing. 

Another example of the same effect is 
shown in Fig. 21, a Mg + 5 per cent Ni 
alloy hot-rolled + cold-rolled + aged. In . 
this electron micrograph, transferred in- 
clusions of Mg;Ni and replicas of the same 
inclusions are seen. The faithfulness of re- 
production of the shape of the inclusions is 
readily seen. 

An interesting use of the methyl iodide 
etchant is illustrated in Fig. 22, showing a 
Mg + 6 per cent Al + Be alloy. The sample 
was taken from the bottom of a billet, where 
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Fic, 21.—ALLOY OF MAGNESIUM PLUS 5 PER CENT NICKEL, HOT-ROLLED + COLD ROLLED + AGED, 
WITH GLOBULAR PARTICLES OF Mg:2Ni ON THE SILICA REPLICA. 

This micrograph not only shows a replica of the globular Mg,Ni particles but also the actual 
particles themselves on the silica replica. The faithfulness of the replica technique in reproducing 
the size and shape of the particles is evident. 

Faint grain boundaries appear in the background, showing the alloy to have very fine grains. 
Original magnification 6500; reduced approximately one third in reproduction. 

Fic. 22.—MASSIVE PARTICLE OF BERYLLIUM IN AS-CAST ALLOY OF MAGNESIUM PLUS 6 PER CENT 
ALUMINUM PLUS BERYLLIUM. 

Illustrates preferential etch attack of methyl iodide etchant. This particle has been only very 
slightly attacked by the etchant. Original magnification 7000; reduced approximately one third 
in reproduction. 

FIG. 23.—STRESS-CORROSION CRACK IN ANNEALED SHEET OF ALLOY OF MAGNESIUM PLUS 3 PER 
CENT ALUMINUM, I PER CENT ZINC AND 0.3 PER CENT MANGANESE. 

This alloy was etched following the laboratory stress-corrosion cracking. The replica shows 
the side walls of this very minute transcrystalline crack. Original magnification 4500; reduced 
approximately one third in reproduction. 
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most of the beryllium had settled. The 


particle shown in the figure stands in bold 
relief with very little attack by the etchant. 
These particles were in such sharp relief 


A further fruitful field of application ap- 
peared to be that concerned with solid 
solutions and pre-precipitation phenomena. 
At least one class of age-hardening alloys 


Fic. 24.—SOLID SOLUTION OF MAGNESIUM PLUS 5 PER CENT ALUMINUM. 
a. Conventional metallographic polish and glycol etch. Structure is independent of composi- 
tion of the solid solution. Electron diffraction indicates the presence of a film on the metal surface. 
b. Methyl iodide etch showing typical ‘‘fine structure.” Electron diffraction of such a surface 
shows bare metal. 
Original magnification 7500; reduced approximately one third in reproduction. 


that it was found possible to scrape a 
sufficient quantity of them from the sur- 
face, using a low-power microscope for 
viewing, to obtain X-ray diffraction, 
spectroscopic and chemical analyses. 

Fig. 23 is a replica of a stress-corrosion 
crack in a sheet of Mg + 3 percent Al + 1 
per cent Zn + 0.3 per cent Mn alloy. The 
- metal structure along the vertical edge 
of the crack can be seen. This technique is 
useful in examining minutely the imme- 
diate region of failure and, together with 
correlated work found in the following 
pages, has aided in an understanding of the 
stress corrosion of magnesium alloys. 


Structure of Mg-Al Solid Solutions 


The previous sections have covered the 
more or less usual microstructures and have 
shown that the methyl iodide etchant not 
_ only gives results that are consistent with 
‘those obtained by standard methods, but 
5 provides much additional detail. 
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owes its properties to the intermediate 
stage between complete solid solution and 
fully formed precipitate. The technique 
was therefore further developed to investi- 
gate the processes taking place when a solid 
solution transforms to yield a precipitated 
phase. 

The first studies were conducted on a 
series of binary Mg-Al alloys ranging from 
1 to to per cent Al. Small specimens were 
solution-heat-treated in helium-filled glass 
ampules for several days at 825°F. (440°C.) 
and then quenched. The electron micro- 
graphs of what were supposedly complete 
solid solutions always exhibited consider- 
able etch structure, which did not have the 
appearance of etch figures and which was 
absent in pure magnesium. 

A series of experiments was carried out 
to determine the cause of this structure. It 
was found first that the structure (termed 
“fine structure” for want of a better name) 
was obtained only with the methyl iodide 
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etchant. If ordinary etchants such as 
glycol, nital, hydrochloric acid, acetic acid, 
acetic picral, or an electrolytic polish are 
used, no difference in the detailed micro- 
structures of solid solutions of different 
properties is noted, even though (Fig. 3) 
gross phases are still found for other states. 
Fig. 24 shows a comparison between a 
normal metallographic polish and glycol 
etch and the methyl iodide etch on a 
Mg+ 5 per cent Al solid solution. The 
structure in the glycol-etched sample of 
Fig. 24a is now known to be due to a sur- 
face film and is independent of the compo- 
sition of the solid solution. “‘ Fine structure” 
and other details of similar magnitude ob- 
served in Fig. 240 are lost. 

The following possible explanations for 
the “‘fine structure” were experimentally 
tested: 

1. Peculiarity of the methyl iodide etch 
attack. ; 

2. Precipitation of Mgi7Alie. 

3. Formation of Guinier-Preston zones. 

4. Stresses resulting from the quench. 

5. A transformation similar to that of the 
formation of martensite in steel. 

6. Preferential segregations of impurity 
atoms. 

All of these possibilities were satisfac- 
torily eliminated except the last, and it was 
finally concluded that an impurity or 
impurities were responsible for the “fine 
structure.” From complete analyses of the 
specimens and consideration of the atomic 
radii of the impurity metals present, iron 
was suggested as a possibility, since it was 
common to all of the samples in which the 
structure was observed. Further, stress- 
corrosion results with commercial alloys 
indicated that the alloys that exhibited 
the ‘‘fine structure” were more susceptible 
to stress corrosion. The influence of iron 
on the corrosion behavior of magnesium is 
well known. 

More evidence was desired, however, and 
a series of alloys of varying compositions 
was prepared in order to ascertain the 


effect of both composition and _heat- 
treatment. These alloys were prepared, 
using sublimed magnesium crystals and 
Super Purity aluminum. The results for 
two alloys containing Mg + 6 per cent Al 
but different iron contents are shown in 
Fig. 25. The far greater intensity of “fine 
structure” in the o.o21 per cent Fe alloy 
as compared with that with o.oor per cent 
Fe may be presumed to be due to an iron 
phase, and has been confirmed many times. 

The effect of actual precipitation of Mgi7- 
Aly on the “fine structure” was rather 
illuminating. A specimen of an alloy of 
Mg + 6 per cent Al + 1 Zn + 0.2 Mn was 
solution-heat-treated at 825°F. (440°C.) 
and quenched to yield the structure shown 
in Fig. 26a. A similar specimen cut from 
the same sheet was furnace-cooled from 
825°F. (440°C.) to yield a precipitate of 
Mgi7Ali2 particles shown in Fig. 260. 
Another specimen from the same sheet was ~ 
quenched from 825°F. (440°C.), cold- | 
worked by ro per cent reduction in rolling 
and then aged 3 hr. at 480°F. (250°C.) 
(Fig. 26c). It is evident that the precipita- 
tion Mgi7Ali: in this alloy has eliminated 
the ‘‘fine structure” from the solid solu- 
tion. The conclusion is that the impurity is 
much more soluble in the compound and 
has concentrated there. (Direct experiment 
shows iron to be much more soluble in Mgi7- 
Alyz than in pure magnesium.) If the pre- 
cipitated specimen is again solution-heat- 
treated and quenched, the ‘‘fine structure” 
is again observed (Fig. 26d), so that the 
cycle is completed. 

Further evidence of the preference of 
aluminum over magnesium for iron was ob- 
tained by electron diffraction studies of a. 
series of evaporated films. The films were 


prepared by evaporating simultaneously _ 


the metals Fe, Mg and Al onto a silica 
substrate to form a mixed crystal film. 
When such a film is heat-treated in vacuum, 
it is found from the diffraction patterns 
that the iron interacts with the aluminum 
to form FeAl (or FeAl;) but no Mgy7Aly 
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is found when the amount of iron is high. take up sufficient aluminum to form a com- 
- Jf iron is absent, Mgi7Alie is formed. pound, leaving only the excess aluminum 
Apparently the mixture FeAl+ Mg is to form Mgi7Alie. 
more stable than Fe + MgizAlse. An ex- With these results in mind, Fe and Al 
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Fic. 2 5.— EFFECT OF IRON CONTENT ON “FINE STRUCTURE” IN MAGNESIUM PLUS 6 PER CENT 
ALUMINUM. 


Low iron, 0.001 per cent. 
a. Solution-heat-treated and water-quenched. 
b. Solution-heat-treated and furnace-cooled. 
- High iron, 0.021 per cent. 
: ¢. Solution-heat-treated and water-quenched. 
d. Solution-heat-treated and furnace-cooled. 
Original magnification 6500; reduced approximately one third in reproduction. . 
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periment in which a piece of iron was dis- were evaporated simultaneously onto an 
‘solved in molten MgiAlie corroborated etched magnesium single crystal and the 
this, for large crystals of FeAl could be specimen was then heat-treated in vacuum 
~ isolated from the alloy. In the presence of to bring about diffusion. This surface was 
both magnesium and aluminum, iron will etched successively deeper and electron 
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diffraction patterns and micrographs were However, the electron diffraction pattern — 
obtained at various depths through the obtained from the diffusion zone was aspot 
diffusion zone. The appearance ofthe sur- pattern for magnesium with rings for FeAl. | 
face at a depth where a pattern for both The actual “‘fine structure” in the alloys 


Fic, 26.—ErFrect oF Mgi7Ali2 PRECIPITATION ON “ FINE STRUCTURE”’ IN AN ALLOY OF MAGNESIUM 
PLUS 6 PER CENT ALUMINUM, I PER CENT ZINC AND 0.2 PER CENT MANGANESE. 
a. Solution-heat-treated at 825°F. and quenched, showing considerable “fine structure.” 
b. Solution-heat-treated at 825°F. and furnace-cooled. Mgi7Ali2 particles are observed with the 
‘fine structure” greatly diminished. 
c. Solution-heat-treated at 825°F. and quenched to give “fine structure” and then cold- 
worked and aged. Mgy7Ali2 particles are evident with little “fine structure.” 
d. Aged sample from c, showing little ‘‘fine structure,” is again solution-heat-treated at 
825°F. and quenched. “Fine structure” has returned with the solution of the MgizAli2. 
Original magnification 6000; reduced approximately one third in reproduction. 


magnesium and FeAl was obtained is always gives a ring pattern for magnesium 
shown in Fig. 27. The similarity between along with rings that agree with the FeAl 
this structure and that found in asolution- spacings. Not enough lines are obtained 
heat-treated and quenched Mg+6 per for positive identification as FeAl in this 
cent Al binary (Fig. 28) is pointed out. case. 


However, electron diffraction examina- 
; tion of a large number of alloys containing 
_ “fine structure” has yielded the conclusion 
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Examination of a large number of alloys 
has indicated that the presence of both 
iron and aluminum in magnesium is re- 
quired to produce the ‘‘fine structure.” In 


: that the pattern developed is consistent 


Fic. 28. 


FIG. 27. 

Fic. 27.—SYNTHESIZED ‘‘FINE STRUCTURE.” 
Tron and aluminum were evaporated simultaneously onto a magnesium single crystal and 
heat-treated to bring about diffusion. The specimen was then etched into the diffusion zone. 
- Flectron diffraction showed both magnesium and FeAl present. Note similarity in the “fine 
structure” here and that observed in Fig. 28. Original magnification 6500; reduced approximately 


one third in reproduction. 


structure is, then, that it consists of a 
segregation of FeAl,* perhaps along flaws 
- or boundaries between mosaic blocks of the 
‘magnesium crystal. This segregation has 
~ often changed the magnesium diffractions 


partially fragmented as a result. X-ray 
_ patterns from large-grained specimens will 
give single-crystal patterns indicating that 
_only a small portion of the magnesium 
crystal is fragmented. This is doubtless in 
the regions near the FeAl deposits. Further 
ork on the details of the structure is 
ulled for not only through fundamental 
‘interest but from a practical viewpoint as 

well. 


The term FeAl here includes any jron- 
iminum compound isomorphous with FeAl. 


Fic. 28.—SOLID SOLUTION OF MAGNESIUM AND 6 PER CENT ALUMINUM. 
Original magnification 7000; reduced approximately one third in reproduction. 


the absence of aluminum, the structure is 
not found unless the iron content is very 
high. Systematic investigations of the 
aluminum-iron ratio for which the struc- 
ture occurs have not been undertaken. Ina 
single series, however, the structure was 
absent for aluminum contents up to 0.15 
per cent. At 0.53 per cent Al the structure 
was quite evident and increased in density 
up through 1 per cent. This series will be 
discussed in the next section. 

That the ‘‘fine structure” discovered in 
the magnesium-aluminum alloys is quite 
important from a practical standpoint will 
be shown in the next section. The great 
sensitivity of the electron microscope and 
electron diffraction to minute amounts of 
impurities is emphasized by this. work. 
The selectivity of the methyl iodide etchant 
makes this type of analysis possible. 
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CORRELATION OF ‘‘ FINE STRUCTURE” 
WITH CORROSION PROPERTIES 


The etch structure and conclusions re- 
garding its origin discussed in the fore- 
going pages are not only of fundamental 


STRESS 
CORROSION FACTOR 


LO. Le 1.4 


% Al 
a 


ELECTRON METALLOGRAPHIC METHODS 


1.6 


The corrosion of magnesium-aluminum 
alloys has been quite extensively studied® 


as regards the effects of certain impurities — 


such as iron, nickel and copper. The general 
conclusion has been that when the impurity 
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Fic. 29.—RELATIONSHIP BETWEEN STRESS-CORROSION FACTOR, GENERAL CORROSION RATE AND 
ALUMINUM CONTENT. 
a. Stress-corrosion factor is defined as the ratio of stress for failure in salt chromate solution 


to the yield stress. Sharp increase in stress-corrosion sensitivity between 0.15 and 0.53 per cent Al 


correlates with the threshold of ‘‘fine structure”’ as observed in Fig. 30. 
b. Corrosion rate, (mg. per sq. cm. per day) in 3 per cent salt water. Correlation can also be 
observed between the increasing corrosion rate above 0.15 and 0.53 per cent Al and the presence 


of ‘‘fine structure” as observed in Fig. 30. 


interest but prove to bear a close relation 
to the corrosion properties of magnesium 
alloys. This relation was indicated before 
any work concerning its origin had been 
done. It was first observed in alloys of 
“Mg +6 per cent Al+1 Zn-+0.2 Mn 
that were being tested for accelerated 
_stress-corrosion properties. When it be- 
came apparent that there might be such a 
correlation, a program was undertaken to 
investigate the possibilities. This paper is 
concerned chiefly with metallography and 
any detailed consideration of corrosion is 
not warranted. However, sufficient corro- 
sion data will be included to illustrate the 
importance of the electron microscope 
and electron diffraction findings in this 
connection. 


content exceeds a ‘‘tolerance limit’ (about 
0.002 per cent for iron) a discontinuity 
occurs in the corrosion-composition curves 
beyond which the corrosion rate is much 
greater than it is below. The increased 
corrosion was -correlated with a critical 
number of discrete particles of an iron 
phase serving as cathodes during corrosion. 

A second conclusion in the work of 
Hanawalt and his collaborators®!° was 
that even below the “tolerance limit” 


residual impurities still control the corro- 


sion process. However, the concept of 


discrete particles of an iron phase was be- 


lieved to be inadequate to explain stress- 
corrosion behavior, since several alloys 


with iron contents well below the “toler- 


ance limits” were found to be quite 


¢ 


susceptible to stress cracking. It was con- 
sidered that the transgranular “fine struc- 
ture” may well represent the manner in 
_ which the residual impurities are dis- 


TOO Ai 0.15 %Al 


ent salt water. 


summarized for one particular series of 
_ Mg-Al binary alloys by Fig. 29a and 29). 


* A full report of the methods and results 
will appear in a separate paper. The effect of 
heat-treatment is of considerable importance 
in considering corrosion results. 


" Fic. 30.—CoMPOSITE OF LIGHT MICROGRAPHS, ELECTRON MICROGRAPHS, AND GENERAL CORROSION 
x SPECIMENS OF ALLOYS OF MAGNESIUM PLUS 0.0 TO I.0 PER CENT ALUMINUM. 

_ Note correlation between “fine structure” in electron micrographs of the 0.53 and 
.97 per cent Al alloys and the high corrosion rate of the corresponding metal specimens in 3 per 


R. D. HEIDENREICH, C. H. GEROULD AND R. E. McNULTY 35 


In Fig. 29a the ‘‘stress-corrosion factor” 
(defined as the ratio of stress for failure in 
salt-chromate solution to the yield stress) 
is plotted against aluminum content below 

0.53% Al 


O.97%Al 


a, light micrographs; 6, electron micrographs; ¢, general corrosion samples. 


the solid solubility limit of aluminum in 
magnesium. Fig. 29b shows the general 
corrosion rate in 3 per cent salt water as a 
function of aluminum content for this same 
series of alloys. All of the impurities Fe, Ni, 
Cu, Mn were present to less than 0.001 
per cent each. a 
Fig. 30 is a composite showing light 
micrographs, electron micrographs and the 
general corrosion specimens of this same 


36 ELECTRON METALLOGRAPHIC METHODS 


series. Close examination of the light 
micrographs yields nothing that can 
account for the corrosion behavior. The 
electron micrographs, however, indicate the 
onset of the “fine structure” above 0.15 
per cent Al. The threshold is difficult to 
determine, but is certainly somewhere be- 
tween 0.15 and o.53 per cent Al in this 
series. The effect of the “‘finestructure”’ 
on the general corrosion is strikingly 
shown by the pronounced pit attack, or 
‘‘worm tracks,” in the corrosion specimens 
(Fig. 30). The effect on stress corrosion is 
quite evident in Fig. 29a. 

It is concluded from this and other simi- 
lar data that the presence of the “fine 
structure” is a large factor in the corrosion 
behavior of magnesium-aluminum alloys 
with iron contents below the tolerance 
limit. 

The iron content alone, however, is not 
sufficient, but requires a minimum of alumi- 
num in order to produce the structure. 
The solution potential differences be- 
tween iron-aluminum compounds and the 
matrix? are very much greater than be- 
tween Megi7Alie and the solid solution. 
Further, the precipitation of Mgi7Ali2 has 
been found to decrease the stress-corrosion 
susceptibility and general corrosion rate in 
accordance with the behavior of ‘“‘fine 
structure” upon heat-treatment, as de- 
scribed in the previous section. 

In addition to the corrosion results, it has 
been observed that magnesium-aluminum 
alloys exhibiting “fine structure” tarnish 
much more rapidly than do alloys in which 
the structure is absent. The tarnishing 
reaction has not been sufficiently well 
investigated to lead to any conclusions as 
to reaction products in the two cases. 

There are many questions to be investi- 
gated concerning the occurrence of the 
“fine structure’? and the physical and 
chemical behavior of the alloys. The im- 
portance of structures not detected by 


»trast to standard etchants, a surface free 


light microscopic and X-ray methods is 
clearly demonstrated and it is possible that 
such investigations should prove fruitful 
in many alloy systems. 


SUMMARY 


1. A new etching (methyl iodide) and 
rinse procedure has been developed for 
magnesium alloys, which yields, in con- 


of films and mechanical distortion. 

2. The surface resulting from this 
etchant may be examined in the electron 
microscope by use of the polystyrene- 
silica replica technique, or by reflection 
electron diffraction methods. 

3. The methyl iodide etchant gives, in 
the electron microscope, results that are 
not only consistent with those observed in 
the light microscope, but also much addi-. 
tional detail. 

4. In a study of magnesium-aluminum 
solid solutions, a new dispersion of an iron- 
aluminum phase has been discovered. 
This dispersion, called “fine structure,” is 
important in understanding both stress and 
general corrosion processes for magnesium- 
aluminum alloys of controlled purity. 
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“Shadow-cast’’ Replicas for Use in the Electron Microscope 


By Hetmut THIELtscH* 


(Chicago Meeting, February 10946) 


METALLOGRAPHIC specimens whose sur- 
faces are to be investigated are too thick 
G to allow either light or electrons to pass 
through them for microexamination by 
_ transmission. This difficulty is overcome 
with optical microscopes by illuminating 
the surface through the objective lens. For 
_ electron microscopes best results are 
obtained by preparing thin replicas of the 
surface of the specimen, placing them in 
the microscope and passing the electron 
beam through them. 
he Since electron microscopes represent a 
_ rather recent invention, they have found 
little application as compared with optical 
sil microscopes. This is true because, aside 
from the cost of new equipment and devel- 
- opment of new techniques, some of the 
older replica methods necessitated the 
- destruction of the surface from which a 
a thin transparent replica was obtained. In 
Zi other processes in which the surface is 
__ preserved, either too tedious a procedure is 
Bee gaired; unsuited to ‘‘mass-production”’ 
requirements of industrial laboratories, or 
replicas of insufficient contrast and sharp- 
“ness are produced. 
In general, investigations with the elec- 
‘tron microscope involve five steps: (1) 
olishing the surface of the metal speci- 
men, (2) proper etching of the surface, 
(3) preparing the suitable replica from the 


& 


Manuscript received at the office of the 
nstitute June 22, 1945; revised Dec. 20, 1945. 
ssued as T.P. 1977 in METALS TECHNOLOGY, 
Mebruary 1946. 

- * University of Michigan, Ann Arbor, Mich.; 
w with Allis-Chalmers Manufacturing Co., 
ilwaukee, Wisconsin. 


surface, (4) examination and _ photog- 
raphy in electron microscope and (5) 
interpretation. 


PREPARATION OF METAL SURFACES 


Usual metailographic polishing is gen- 
erally satisfactory. It is important though 
that the final polish be applied very care- 
fully, since otherwise evidence of a small 
amount of deformation might show up even 
on relatively deeply etched surfaces. A 
high-power microscope should be used to 
determine the suitability of the polish and 
etch. This, of course, is not different from 
optical examinations, but in these, if a 
deep etch is used, the problem is less 
serious. 

It is frequently difficult to detect with 
optical microscopes poor polishing aside 
from superficial scratches before etching. 
Figs. 1 and 2 show micrographs of “well” 
and “poorly” polished nickel etched by 
immersing the sample for 20 min. in a 
solution containing 8 grams cupricsulphate 
in 4o c.c. of concentrated HCl and 40 c.c. 
of H,O (Marble’s reagent). The sample 
shown in Fig. 1 was polished in its final 
stages for 5 min. on a carborundum wheel 
followed by to min. on a rouge wheel. 
whereas the sample shown in Fig. 2 was 
polished only 1 min. on the rouge wheel. 
Generally, this procedure does not guar- 
antee that the surface of the specimen 
will be either undistorted or deformed. It 
was applied here merely to show the effects 
of good and poor polishing. To the experi- 
enced investigator, plastic deformation is 
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SHADOW-CAST” REPLICAS FOR USE IN THE ELECTRON MICROSCOPE 


Fic. 1.—OPTIcAL MICROGRAPH 


Fic. 2. 
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visible in Fig. 2. The lamellar etching 
_ structure shown in the two bottom grains 
in Fig. 1 appears fragmented in similar 
oriented grains in Fig. 2. For comparison, 


Fic. 3. 


electron micrographs are shown of the 
same surface, though not the identical 
spots, in Figs. 3 and 4, respectively. 

_ After a good polish has been obtained, 
~ the next problem is the choice of etchants 
and etching techniques. As is true also for 

optical examinations, many etches are not 
- suitable for investigation with the electron 
microscope; in fact, for the latter the 
~ number of suitable etches is more limited. 
_ The reason for this lies in the development 
of a characteristic inner grain structure, 
which will be discussed in further studies. 
Deeper etches will reveal to a better 
_ degree the grain and inner grain structures 
of the metals. Thus it is often advisable 
to double or even triple the etching times 
‘recommended for the various solutions. On 
the other hand, the separation of the 


replicas from the surface will become more 
difficult for deeper etches. Also, if optical 
microscopes are used to observe the deep 
etches, the samples may appear there 


Fic. 4. 

Fic. 3— CHROMIUM SHADOW-CAST REPLICA OF PROPERLY POLISHED NICKEL SPECIMEN. 

Fic. 4—MANGANESE SHADOW-CAST REPLICA OF POORLY POLISHED NICKEL SPECIMEN. 
Both X 5000. ; 


“badly” overetched (Figs. 1 and 2), 
though in the electron microscope a ‘‘nice”’ 
structure is visible for the same etch (Figs. 
3 and 4). 

It is important to remember that the 
different etching solutions will develop 
different inner grain structures, since the 
various alkali or acid etchants differ in 
their attack upon the various crystallo- 
graphic planes. 

Thus in copper a propionic acid etch 
tends to produce an octahedral structure 
(Figs. 5 and 6) attacking the {111} planes 
to a lesser degree than the {100} planes. 
The 50 per cent NH,OH (20 c.c.) — H202 
(5 c.c.) etch tends to show a cubic block 
structure (Fig. 7) different from the lamel- 
lar cubic structure obtained with the ferric 


40 


“SH ADOW-CAST” REPLICAS FOR USE IN THE ELECTRON MICROSCOPE 


Fic. 5.—CoPpPER ETCHED WITH PROPIONIC ACID (40 C.c.) — HeOy (15 c.c.). 
Etching time 20 minutes. 
Fic. 6.—CoppER ETCHED WITH PROPIONIC ACID (40 €.c.) — H2Osz (15 ©¢.¢.). 
Etching time 15 minutes. 
Fic. 7—CoprrR ETCHED WITH 50 PER CENT NH,OH (20 .c.) — H20: (5 c.c.). 
Etching time 60 seconds. 


Fic. 8—CoppEeR ETCHED WITH FeCl; (10 GRAMS), ALCOHOL (120 C.c.) AND HCl (30 c.c.). 


Etching time 4o seconds. 
All X 5000. 


chloride (10 grams) in alcohol (120 c.c.) 
and HCl (30 c.c.) etching reagent (Fig. 8).* 


““SHADOW-CASTING” REPLICA TECHNIQUE 


After the sample has been properly 
polished and etched, a thin, transparent 
replica is made from ‘the surface of the 
metal specimen. Best results have been 
obtained so far with either collodion or 
formvar films. The first part of the method 
used here is essentially the same as devel- 
oped by Schaefer and Harker, of the Gen- 
eral Electric Co., and described by the 
authors in various papers.?-> A replica is 
prepared by spreading a dilute solution 
of formvar or collodion in a solvent over 
the surface of the specimen. As the solvent 
evaporates a very thin film is formed, which 
should be thick enough to show the blue 
or green interference colors (i.e., not more 


than a few thousand Angstrom units). 
_ Before the replica is removed from the 
- specimen, a piece of scotch tape, upon 
which a 200-mesh wire screen has been 
_-placed, is then pressed firmly upon the 
surface of the replica. To protect the center 
of the wire screen from the glue of the 
~ tape, a piece of thin paper (about 2 mm. 
_ thick) is inserted between the tape and 
- the screen. To ease the removal of the 
replica, it is often advisable to breathe 
heavily upon the specimen, as the moisture 
in the breath will assist in loosening the 
film from the metal. 
_ This transparent replica obviously will 
“not possess a great deal of contrast, since, 
being made of an organic substance, its 
atoms are too light to absorb or scatter 
effectively the electrons in the elec- 
tron beam. For this reason the so-called 
“shadows” are deposited on the surface 
__ of the replica. 
ae - The replica is then placed into a vacuum 


ba NT +4 
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* For copper Glauner and Glocker? show the 
relative attacks of several etching solutions 
"upon the various face-centered cubic planes. A 
similar study with the electron microscope is 
- now in preparation. 

1 References are at the end of the paper. 
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system for deposition of a metallic film 
upon the impressed surface.* There are 
many points in the technique that effect 
the quality of the image. The farther the 
replica is placed from the filament, the 
sharper the shadows will be, since then 
the rays will be more nearly parallel. On 
the other hand, more metal must be 
evaporated, as the thickness of the sub- 
limed film will decrease as the square of 
the distance. For most evaporations an 
angle of replica surface to line from fila- 
ment to replica of about 40° to 50° should 
be used, though if a very fine structure— 
precipitated particles, for example—is to 
be observed with shadows, smaller angles 
should be applied. 

It is important that the medium used in 
the evaporation does not crystallize upon 
condensation at room temperature. Thus, 
most metals of high boiling points are 
suitable. This, of course, varies for the 
different metallic materials, depending’ 
upon the complexity of the crystal struc- 
ture and the recrystallization point. For 
face-centered cubic metals, gold with a 
boiling point of 5371°F. represents a 
borderline case. Very thin films will appear 
structureless, though heavier deposits will 
give evidence of crystallization.!? Thus the 
structure shown in Fig. 9 of a collodion 
replica of a nickel specimen (same surface 


* Covering replicas with a thin film of a 
suitable metal is not new.® For the electron 
microscope ‘‘shadow casting’’ was first re- 
ported by Muller,’.® who applied the technique 
to measure the height of fine particles. Mahl? 
followed with the evaporation of metallic 
shadows (chromium) upon surface replicas. 
In this country the same techniques were re- 
ported recently by Thomasson, Williams and 
Wyckoff.!°11 The various authors found that 
the metal film deposited by evaporation onto 
the replica will produce shadows of great 
sharpness, which will show up the surface struc- 
ture of the specimen in excellent detail. This 
method in its present development combines 
most of the advantages of the previous replica 
techniques. The ease with which replicas may 
be prepared, and the detail, contrast, and 
sharpness, will make this ‘‘shadow-casting”’ 
method an important tool in metallographic 
investigations with the electron microscope re- 
quiring high magnifications. and resolying 
power. a : 
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as in Fig. 3, though not the identical 
area) is due to “granulation” of the gold 
“shadow.” Fig. 8 represents a_ better 


may be interpreted falsely as due to 
strains on the surface of the original 
specimen. 


Fic. 9. [Fic. 10.° 
Fic. 9.—GOLD SHADOW-CAST REPLICA OF NICKEL SHOWING CRYSTALLIZATION DUE TO TOO HEAVY A 
DEPOSIT. 
Fic. 156.—CHROMIUM SHADOW UPON A WRINKLED COLLODION REPLICA OF NICKEL. 
Both X 5000. 


(thinner) gold shadow-cast replica of a 
copper specimen. Even here a small amount 
of granulation is visible. 

Body-centered cubic chromium has been 
used with far more success. Figs. 3, 10, 
and 13 represent chromium shadows. 

Manganese (cubic complex, boiling point 
3904°F.) has been applied by the author 
with best success. It produces shadows of 
great sharpness, and does not show evi- 
dence of crystallization even for very heavy 
deposits. With the exception of Figs. 3, 8, 
9, 10 and 13, all electron micrographs in this 
report are made of manganese ‘“‘shadow- 
cast” collodion replicas. 

It is important that the replica be sup- 
ported smoothly by the. mesh-wire screen; 
otherwise the film may wrinkle and upon 
evaporation a shadow structure similar to 
that in Fig. 10 may appear. This structure 


APPEARANCE OF SHADOW-CAST REPLICAS 


Two factors determine the difference 
in blackening on the photographic plate; 
namely, the thickness of the replica film 
and the relative thickness of the shadow 
(thickness parallel to the electron beam). 

The former is direct in that the thinner 
the replica the fewer electrons will be 
absorbed or scattered. Thus the photo- 
graphic plate will receive more blackening, 
producing lighter areas on the print. In 
other words, ‘‘hills” on the original metal 
surface will appear on the final photo- 
graphic print lighter than the ‘‘valleys.”’ 

The second factor may be defined as 
“the relative thickness of the shadow,” 
and is caused by the metal film formed on 
the replica. Usually this one is of the 
greater importance. In ‘“‘shadow-casting”’ 
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areas perpendicular to the path of the 
atoms emitted from the filament by 
evaporation will receive the heaviest 


ELECTRON BEAM 


HEI 


SHADOW - CAST 


BLACKENING 


PLATE 


The oxide layer method developed by 
Mahl'* consists essentially of an oxide 
film produced electrolytically on the sur- 


SHADOW FROM FILAMENT 


yeaa 


REPLICA 


BLACKENING WITHOUT SHADOW 
: r-----7-.)—l(<WL CMU + -- 
F- 
7 


BLACKENING WITH METAL SHADOW 


Fic. 11.—SCHEMATIC REPRESENTATION OF SHADOW-CAST REPLICA. 


_ deposits. In Fig. 11 a schematic representa- 

tion of a shadow-cast replica is given. 

: Figs. 12 and 13 show shadow-cast 
replicas of pearlite and nickel, respectively, 


_ which show clearly the white “shadows.” 
e An angle of 40° was used here in the 
_ evaporation. 

- Shadow-cast collodion replicas of gray 


cast iron and a low-carbon iron etched with 
ferric chloride (10 grams) in alcohol 
(120 c.c.) and HCl (30 c.c.) are shown in 
_ Figs. 14 and 15, respectively. 


ComPARISON oF DiscussED TECHNIQUE 
with OLDER. REPLICA METHODS 


oped in order to overcome many of the 
disadvantages and shortcomings of the 
a previous methods, which will be discussed 
in the following paragraphs. 


The shadow-casting technique was devel- 


face of the metal. Since mercury does not 
attack metallic oxides, this film may be 
removed by immersing the specimen in 
mercury or mercuric chloride.’ When the 
surface is scratched, the mercury pene- 
trates between the metal and its oxide 
layer and lifts up the latter. This method 


-has been applied successfully so far only 


on aluminum, for which very good electron 
micrographs have been shown by a variety 
of investigators. Since this method necessi- 
tates the destruction of the original 
surface, it has not been widely accepted. 
Another method, also developed by 
Mahl, has until recently been popular in 
Germany. In this method, a thin lacquer 
or collodion film is formed on the surface 
of the specimen. At first this replica was 
removed by dissolving the metal.® Since 
this again required the destruction of 
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12.—SHADOW-CAST REPLICA OF PEARLITE. 
13.—SHADOW-CAST REPLICA OF NICKEL. 
Compare etching blocks with micrograph of same sample in Fig. r. 
14.—SHADOW-CAST REPLICA OF GRAY CAST IRON. 
15.—SHADOW-CAST REPLICA OF LOW-CARBON IRON SHOWING CARBIDES AND INNER GRAIN 
ETCHING STRUCTURE. 
All X 5000. 


> 


one 


z the surface, Mahl lately has improved 
his method by removing the replica 
electrolytically.15 


s 

a Fic. 16. 
me Fic. 

EIG, 


The formvar method perfected by 
Schaefer and Harker?-* consists of forming 
_a formvar or collodion film on the surface 
of the specimen and removing this film 
by immersion in water or by various other 
stripping processes. A lack of sufficiently 


4 difficult to interpret electron micrographs 
_ prepared by this formvar method. 
a In this country the polystyrene-silica 
method of Heidenreich and Pack?® has so 
- far been used in most studies, since with 
it replicas of great sharpness, detail, and 
contrast are produced. As this method 
- requires a molding process at a tempera- 
ture of close to 150°C. and about 3000 lb. 
ae sq. in. pressure, a small amount of 
surface deformation and oxidation may 
“appear on many electron micrographs. 
Unfortunately, previous authors so far 
have neglected to consider these effects. 


high contrast and sharpness often make it’ 
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To show this, the copper sample etched 
with propionic acid (Figs. 5 and 6) was 
subjected to the molding process just 


Fic. 17. 

16.—SHADOW-CAST REPLICA OF COPPER, OF WHICH A POLYSTYRENE MOLD HAD BEEN MADE. 

17,—SHADOW-CAST REPLICA OF COPPER, OF WHICH A POLYSTYRENE MOLD HAD BEEN MADE, 
- Both X 5000. 


described. Manganese shadow-cast replicas 
were then made of the copper surface 
(Figs. 16 and 17). Deformation and oxida- 
tion is clearly recognizable. Since, in 


addition, this process is on the whole 
rather tedious, it may lose its present 
importance. 


Good results may also be obtained 


- with the silver-collodion process,!”)!* which 


again, besides being rather tedious, lacks 
the contrast and sharpness obtained with 
the shadow-casting technique. In this proc- 
ess a silver layer is built up on the surface 
of the specimen by evaporation in a 
vacuum. After the layer has been removed 
from the surface, a collodion film is spread 
over the silver replica and the latter is 
then dissolved in weak nitric acid, which 
does not attack the collodion. The collodion 
replica is studied in the electron microscope. 
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CONCLUSION 


Comparison of the electron micrographs 
shown in this report with those obtained 
by previous authors and shown in the 
references mentioned shows the advan- 
tage of this new ‘‘shadow-casting”’ process. 
Not only does this method produce replicas 
of high contrast and sharpness, but the 
short time required for preparation of the 
replicas will make this method an easy 
and quick approach to detailed metallo- 
graphic investigations. 
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DISCUSSION 
(C. S. Barrett presiding) 


C. H. Grroutp.*—I would like to take a 
moment to consider our polystyrene-silica — 
replica technique, which was developed at the 
Dow Chemical Co. and which was mentioned 
in the paper just given by Mr. Thielsch. He 
stated that he feared that our replica technique 
would cause difficulty due to deformation of 
the metal as a result of the application of 
pressure during the molding process. 

We at the Dow have never had any reason 
to suspect that any deformation of the metal 
was occurring during the molding process. 
Our procedure has been to heat the poly-. 
styrene to a temperature of 160°C. before 
applying any pressure, at which temperature 
the polystyrene is a viscous liquid. By so 
doing the pressure of the polystyrene against 
the metal is essentially hydraulic and is 
therefore applied equally in all directions, 
which we feel should not cause deformation. | 

Our work using this replica technique 
has brought forth several indications that 
deformation of the specimen is negligible. 
These indications are: 


*The Dow Chemical Gos Midland, Mich- =A 
igan. : 
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1. Direct comparisons have been made 
between the light and electron microscopes 
when studying a specific spot on a metal 
surface. These “‘same spot” studies were 
obtained by first taking micrographs at high 
magnification, with a light microscope, of a 
specific structure that could be readily recog- 
nized. Silica replicas were then prepared in 
the conventional manner using a pressure 
molding and the same spot was located and 
photographed in the electron microscope. 
When these micrographs were enlarged to the 
same magnification, the differences observed 
were largely due to differences in resolution 
of the two instruments. Particle sizes and 
shapes were the same. 

2. Silica replicas of metals have been 
obtained using pressures varying from a 
few pounds per square inch up to such exces- 
sive pressures as 5000 |b. per sq. in. without 
visible differences showing up in the electron 
microscope that would indicate distortion of 
the metal. 

3. A 15,000 lines per inch diffraction grating 
ruled in speculum metal has been used re- 
peatedly in making silica replicas. A particular 
section of the grating has been pressure- 
molded upward of s0 separate times using 
pressures between 1000 and 2000 Ib. per sq. 
in. without any changes in the surface con- 
tours or dimensions of the grating being 
observable when the silica replicas were 
checked in the electron microscope. Deforma- 
tion of the metal during a single molding 
- must be negligible in such a case. 

4. A variation of the polystyrene-silica 
replica technique has been déveloped and 
- studied at the Dow. This variation eliminates 
the bulk pressure molding of polystyrene, 
4 replacing it with a heavy polystyrene lacquer 
coating. In this case the impression is formed 
entirely by the wetting of the specimen surface 
_ by the lacquer, no pressures being applied. 
_ This technique gives results that are almost 


identical with those of the bulk molding 
process, except where very fine structures 
(200A. or less) are involved. 


H. Turerscu (author’s reply).—I did not 
intend to discuss in detail the merits or dis- 
advantages of the polystyrene-silica process, 
for it is true that there are certain applications 
that are handled advantageously by the 
polystyrene-silica method. To name a few ex- 
amples: certain types of (deeply) etched sur- 
faces make the removal of collodion films 
extremely difficult, if not impossible, but 
allow the separation of the polystyrene im- 
pression. Thus, I have made successful studies 
on etched anthracite coal, extremely deep 
etched iron and other samples with the poly- 
styrene-silica process, but at times have 
been unable to do so with the collodion 
shadow-casting technique. Similarly, certain 
corroded surfaces may necessitate the ‘‘ Heiden- 
reich”’ process. 

In regard to Mr. Gerould’s statements I 
should like to say that light microscopes, 
because of their relatively poor resolving 
power, hardly reveal the “inner grain”’ struc- 
tures, and thus comparison of photographs 
made of the same spot with light and electron 
microscopes does not show the evidence of 
‘‘non-deformation” as suggested by Mr. 
Gerould. Therefore, the ‘“‘same-spot” com- 
parisons generally are referred only to grain- 
structure outlines. Also, most of the earlier 
studies on microscopic-electron microscopic 
comparisons published by Dr. Heidenreich 
‘and co-workers were made on hard-surfaced 
metallurgical specimens such as steel. On such 
samples, of course, distortion will be evidenced 
to a lesser degree than on softer materials. 
Moreover, no comparisons have been made 
so far by Dr. Heidenreich or his co-workers 
between this method and the shadow-casting 
technique. This has been done in the labora- 
tories at the University of Michigan. 


Lamellar and Mosaic Structures—X-ray and Thermodynamic 
Evidence 


By Hetmut Turetscu,* StupENT AssocrATE A.I.M.E. 


(New York Meeting, October 1945) 


Durinc the last three decades a great 
many arguments have been presented on 
the subject of ‘‘mosaic” or “block” struc- 
tures of metals. Apparently because of 
insufficient evidence, the ‘‘block-struc- 
ture” theories have never been widely 
understood among the physical metallur- 
gists in this country, and most investigators 
among the few that have tried to demon- 
strate the existence of such an inner struc- 
ture of crystals or grains have failed to 
recognize also the existence of a lamellar 
structure. Moreover, little thought has 
been given to justify the existence of such 
“lamellar” or “mosaic-block” structures 
on a theoretical basis. 

Since properties such as plasticity, ferro- 
magnetism, hardness, diffusion, and others 
may be explained by structural faults in 
the lattice network of the crystals, the 
great importance of a more detailed knowl- 
edge of the structure within crystals o 
grains becomes now evident. 

Because of the vast extent of the field of 
submicroscopic structures, it shall be the 
purpose of this paper only to review the 
more important of the results obtained by 
other investigators, especially in Germany, 
where a great deal of attention has been 
given to mosaic structure during the last 
three years. The origin of this mosaic 
pattern} and effects of cold reduction and 

Manuscript received at the office of the 
Institute April 25, 1945. Issued as T.P. 1931 
in MreTaALs TECHNOLOGY, October 1945. 

* Formerly graduate student, University of 
Michigan; now with Allis-Chalmers Manufac- 
turing Co., West Allis, Wisconsin. 

+ Throughout the paper the words ‘‘mosaic 


pattern’ will signify both the lamellar and 
mosaic-block structure. 
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recrystallization will be shown in further 
studies later on. 


IMPERFECTIONS IN CRYSTALS 


The many terms used in the literature to 
denote structural types of crystals are often 
not clearly defined. To clear up some of 
the confusion, the meaning of the more 
important terms will be given here. 

Ideal, or Perfect Crystals —Crystals with- 
out any structural imperfections are called 
“ideal crystals,’ or “perfect crystals,” 
meaning a homogeneous interior structure 
of atoms, ions or molecules, as the case may 
be. In other words, at every point in the 
interior of the crystal exactly the same 
orientation of the crystallographic axes of 
the coordinate system would exist. The 
surface of such a body, if etched with an 
appropriate etching reagent, would reflect 
light with perfect uniformity. Crystals of © 
this type are almost nonexistent. 

Real Crystals —‘‘Real crystals”! may 
contain various types of structural defects, 
which can be classified into: (r) lineage ~ 


1 


structure, (2) mosaic-block structure, (3) _ 


lamellar structure. The inhomogeneities 
existing in these groups mean that the 
orientation of the crystallographic axes 
will not be the same at every point within 
the interior of a crystal (or grain of a 
polycrystalline body). os 
Perfect Real Crystals —The term “perfect 


real crystals” is generally used to describe 


crystals with minute structural or thermo- 
dynamical inhomogeneities. The former 


1 References are at the end of the paper. 


defect, of the order of 10-7 to 10-8 cm., 
consists of foreign atoms or missing atoms 
within the lattice pattern of the crystal 
(Smekal’s “‘Locker-Stellen’’?:*). The ther- 
modynamic inhomogeneity consists of 
variations and disturbances in the vibra- 
tions of the atoms or ions (see also p. 51). 
Experimentally it was first observed and 
discussed by Becker‘! and Orowan,*:* who 
noted changes in shear strength with 
changes in temperature for various mate- 
rials. Neither of these imperfections neces- 
sitates differences in the orientation of the 
crystallographic axes, and thus has no 
bearing upon the position of X-ray diffrac- 
tion patterns, though the latter will 
cause effects upon diffuse spots of Laue 
photographs. Because of their small mag- 
nitude, electron micrographs show no 
evidence of either of these minute struc- 
tural and thermodynamic imperfections. 

Lineage Structure (Fig. 1), discussed in 
great detail by Buerger,’ is well known, 
since it can be detected relatively easily by 
- microscopic methods, by which it is shown 
as badly distorted Laue spots. Its origin 
is in the irregularities formed during the 
growth of dendrites. The size of the disorder 
varies between 107! and 1o~‘ centimeters. 
The Mosaic-block Structure differs from 
the lineage structure quantitatively only 
in size, since for various materials the 
blocks vary between 10-* and 1077 cm. 
~ These blocks are orientated only relatively 
_ parallel with fluctuations in the alignment 
- up to about ro min. Between the blocks the 
regular atomic network is disturbed, and 
~ external influences such as mechanical and 
- temperature treatments have a bearing 
__ upon the “‘perfection” of the mosaic inner- 
grain structure. 

The block and lineage structures have 
often been confused with one another. 
Es Actually the two types of imperfections 
are independent of each other, and may 
even appear simultaneously.® 
Some indications point toward the possi- 
bility that the mosaic-block structure is of 
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secondary nature; i.e., due to relief of 
stresses set up during solidification, or 
even more directly due to recrystallization 
of deformed materials.* 9° Other indica- 


Fic. 1.—LINEAGE STRUCTURE. 


tions of this are given in a series of papers 
published by Dehlinger,4' Dehlinger and 
Gisen!? and Gisen,!* in which the authors 
show that recrystallized metals have a 
certain definite shear strength that is 
absent in cast materials. In other words, 
much lower shear stresses are necessary to 
deform cast crystals than are required for 
the deformation of recrystallized crystals. 
The authors’ interpretation that recrys- 
tallized metals possess an intrinsically 
stronger mosaic structure than cast metals 
can also be applied to the belief that mosaic 
crystals are of secondary nature. 

Lamellar Structure seems to be of pri- 
mary nature. The distance between the 
lamellae varies from 10~4 to 107° cm. This 
structure is generally found in crystals 
formed by slow cooling, by sublimation or 
by’ electrodeposition. 

As yet information regarding the origin 
of both the lamellar and mosaic-block 
structures is incomplete and many more 
carefully planned experiments should be 


* This does not imply that any recrystallized 
metal will have a mosaic-block structure. In 
a later paper, electron micrographs of samples 
of nickel and Chromel will be shown, which 
exhibit typical lamellar structures, even though 
the metals have been drawn and recrystallized. 
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made. It can be regarded as certain that 
foreign atoms, even in small amounts,*!4 
and cooling rates'®!617 will be the main 
decisive factors determining the primary 
inner-grain structure and its dimensions. 

Almost nothing is known about the 
nature of the atomic network on the inter- 
faces between the blocks or lamellae, 
though knowledge here would seem im- 
portant to the study and understanding 
of the process of plastic deformation and 
recrystallization. 

Since it is the purpose of this paper to 
clarify the various controversial concepts 
of mosaic-block and lamellar structures, 
only those two will be discussed here. 


Metuops OF INVESTIGATION 


Various methods have been employed 
by a multitude of authors to prove (or 
disprove) the existence of a mosaic struc- 
ture. The more important and conclusive 
of these methods are: 

1. X-ray Spectroscopic Evidence. 

2. Thermodynamic Approach. 

3. Microscopic Evidence.* 

a. Etched Surfaces of Polished Mate- 
rials, 
b. Unetched Surfaces of Cast Metals. 
c. Other Microscopic Methods. 
4. Electron Microscopic Evidence.* 


X-ray Spectroscopic Evidence 


So far most of the evidence of mosaic 
structure has been advanced by investi- 
gators in the field of X-ray diffraction. 
From results first published by Mosely 
and Darwin,!*19.20 differences in the 
width of arc and intensity of reflected 
lines were noted between the values 
obtained for most crystals and for 
some of the few perfect real crystals.*! 
Theoretical calculations made for ideal 
crystals will predict diffracted lines 3 to 
6 sec. of arc in width, whereas experi- 

* Because of the greater length of a report 
on microscopic and electron microscopic evi- 


dence, those two subjects will be discussed in 
a separate paper. 


mentally almost all single crystals (real 
crystals) will give lines as much as several 
minutes in arc width. Some difficulty 
exists here from the fact that the change 
in width of the diffracted lines will de- 
crease with increase in the size of blocks 
and will disappear at about 10~° cm. Thus 
for larger block sizes proofs have been 
based mainly upon intensity calculations” 
where the difference between the values 
obtained from actual measurement and the 
theoretical values amounts to a factor 
of 10 or more. a 

A certain amount of background scatter- 
ing is due to the thermal agitation of the 
atoms within the crystal (see p. 51), yet 
the diffuse scattering actually measured 
on Laue photographs greatly exceeds the 
predicted value by Laue-Bragg reflections. 
Only the mosaic-structure inhomogeneity 
can account for such discrepancies. 

Many other investigators**-*! have re- 
ported various observations for a score of 
crystals, a description of which would be 
beyond the scope of this paper. 

The average size of the mosaic blocks 
differs for different materials,* being some- 
what smaller for metals, where the upper 
limit of block size lies probably near 1o~4 
cm: For salt crystals larger sizes have been 
reported. Renniger® measured for NaCl 
block sizes up to 107! cm. Of course, single © 
blocks, being of uniform atomic orienta- 
tion, will behave quite like perfect real 
crystals. Consequently, each individual 
block should reflect in agreement with the 
dynamic theory.*? Unfortunately, as Laue*® 
has pointed out, owing to inexact primary 
extinction, the limit of the dynamic theory 


lies somewhat between 107% and 1074 cm. 


Thus the error in block-size determinations 
will decrease to a considerable degree the 


*It is doubtful that the dimensions of the 
mosaic structure are an inherent property of 
the materials. Probably the conditions present 
at the moment of primary crystallization and 
somewhat secondary effects of reduction and 
pecere e will be the main determining 
actor, 
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value of accurate investigation for blocks 
below 107? cm. 
Because of these difficulties only a few 
calculations on metals have been prepared. 
Applying corrections to the extinction 
coefficient, James, Brindley, and Woods*4 
were the first to make a quantitative study 
of aluminum. Recently actual values have 
been determined for zinc by Zehender and 
Kochendérfer,*> who describe a somewhat 
improved method using monochromatic 
Cu-K, radiation. These authors show in 
their paper that the size of the mosaic 
blocks is larger for cast than for recrystal- 
lized crystals; thus for cast zinc they ob- 
_ tained an average block size of from 3 X 
to—> cm. to at least 8.5 X 107-5cm., whereas 
in the recrystallized state a size of about 
2.7 X 10-° cm. was found. 
Preston,** studying the aging of alumi- 
num containing 4 per cent Cu, observed on 
_ diffraction photographs numerous streaks, 
which showed changes in intensity as 
_ hardening continued. His explanation that 
this effect is due to segregation of copper 
atoms into thin plates,* seems reasonable 
and gives some experimental indication of 
_ lamellar growth. 
It is unfortunate that it is rather difficult, 
_ often not even possible, to make more 
- detailed studies, using the present known 
_ X-ray diffraction techniques. Until better 
methods have been developed and many 
- more papers have been presented, the 
— results described herein can merely be 
called evidence—not proof. 


Thermodynamic Approach 


Various attempts to correlate mosaic 
oF structure with thermodynamic equilibria 
4g or forces have been rather unsuccessful. 
_ Theories advanced by Zwicky, that mosaic 
§ crystals3’- are of a more stable form than 
ideal crystals, are based mainly upon 
ee ceoretical pos eom- The many ob- 


— 
a _*Similar observations were reported in 
several microscopic investigations, which will 
be reviewed in a later paper. 


jections raised by different investiga- 
tors*!—4° discouraged any further attempts. 
Thus, as it is also admitted now by 
Zwicky,** it is just as impossible to derive 
a stability “proof” for the fundamental 
necessity of a mosaic structure as it is 
impossible to prove the stability (or in- 
stability) of an ideal structure within 
crystals. 

On the other hand, the thermal vibra- 
tions ascribed to the atoms are independent 
of structural imperfections, since they are 
evidenced in crystals that do not show 
structural faults also. 

Results recently published by Lonsdale 
and Smith,*’ Darwin,“ W. L. Bragg,* 
W. H. Bragg®.! and Born and Sarginson* 
indicate such thermal effects. Thus Lons- 
dale, Smith and Preston show for Al, NaCl, 
MgO, and other materials, changes in 
intensity of diffuse Laue spots that increase 
as the temperature of the crystals is raised 
and decrease with a lowering of the tem- 
perature. At liquid-air temperature, these 
diffuse patterns seem to disappear alto- 
gether. Laval,** studying the diffuse regions 
produced by various crystals, found that. 
for diamond the diffuse pattern is of 
smallest extent, though it will increase 
with increases in temperature. Lonsdale,™ 
extending the investigation on diamond, 
introduced two types of reflections, pri- 
mary and secondary, which she ascribes 
as due to temperature and structure-sensi- 
tive properties of the crystal, respectively. 
Bragg® reports that a few predicted diffuse 
spots do not appear, a fact that he explains 
is caused when a sufficient number of small 
crystal groups act independently of each 
other within the crystal. 
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J DISCUSSION 
a (R. M. Brick presiding) 
= A. Rets.*—The author has given a very 
- good survey of existing methods and data. 
I would like to add just a word of critical 
discussion of existing methods and mention 
- one method that just has now become available. 
_ X-ray diffraction methods give evidence 
about the imperfections of crystallites in 
two ways; that is, from intensity data and 
from geometric data. 
- Intensity data work in a way that poly- 
crystalline materials made from very perfect 
_ grains give less intensity than so-called mosaic 
; or lineage structure. The reasons for that 
can easily be made evident, but I will not 
_ take the time to discuss that. 
a It is not easy to draw quantitative con- 
a ‘clusions from intensity data because imper- 
fections of crystallites can, in certain cases, 
e decrease intensities, and the result of imper- 
fe ections upon the intensities is difficult to 
evaluate. With intensity data alone, we cannot 
draw conclusions that are quite positive. 
We are much better off with geometric 


ae 
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* Consulting Chemist. 
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evidence. Excellent geometric evidence for 
single crystals has been obtained in many 
countries by outstanding physical laboratories. 
DuMont, in Pasadena, has made important 
observations, and so have many others. 

So for single crystals there is no difficulty. 
We can take a rocking curve on a Bragg 
spectrometer and its width will give an exact 
measurement. This gives the so-ca}led angular 
domain of reflection. 

If Bragg’s law is applied to a perfect crystal 
we must have diffraction at one exact angle 
and the slightest deviation from that angle 
must make the diffraction disappear. 

In fact, there is a certain angular domain 
of reflection that gives an exact measurement 
of the geometric size of the imperfections. 
So far, we have no way of obtaining geometric 
evidence on polycrystalline materials, and 
these are what the metallurgist is interested 
in, 

A number of years ago I devised a method to 
apply that geometric way of determining 
imperfections to polycrystalline materials. 
I had the honor of having an instrument 
constructed according to my method in the 
laboratories of the General Electric Co. in 
Schenectady, under the supervision of Dr. 
David Harker, who made a wonderful precision 
instrument, which is now in my possession. 

During the war, I had no opportunity to 
start those experiments. Earlier, in Paris, I 
had such an improvised instrument, which 
was given to me, and before the war started, 
I could just confirm that the method worked, 
but I could not use it on materials. I believe 
it will be very interesting to see how large 
these imperfections are in cast materials and 
in recrystallized materials and in many others. 

I may add one individual peint. About ten 
years ago, some metallurgists and physicists 
in Great Britain started to try and determine 
fatigue before failure by studying the imper- 
fections in the crystallites of the metal. They 
hoped to find the first traces of fatigue by 
increased imperfections. . 

Gough and Wood, in the National Physical 
Laboratory, published a paper on that in 1936. 
This was repeated in several other countries— 
Belgium, Poland, and others—but the results 
were inconclusive, because the diffraction 
method was too crude. 
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I hope that this point can be brought to 
final evidence by a precise method to determine 
this geometric feature. 

There is one thing more that I want to talk 
about. The geometric feature is independent 
of any intensity data. It gives direct evidence 
on this angular domain, and gives directly 

the angular domains of orientations of the 
different parts within the crystallite. 

My method gives a statistical survey of 


the angular domains existing in the material. 


When material is uniform, we will find a 
distribution curve of angular domains that 
gives one maximum. If it is partly recry- 
stallized, we will find two maxima.. 

So the method can take care of all that, ahd I 
hope that the metallurgists will give me a 
response and send me interesting specimens, 
and perhaps even help me otherwise to bring 
my investigation under way. 


ay 


Graphical Methods of Representing Some Conditions of Plasticity 


By Wrir1aAmM Marsx Batpwin, Jr.,* Junior MEMBER A.I.M.E. 
(Chicago Meeting, February 1946) 


Two of the most useful and important 
equations available to the metallurgist 
for the study of plastic deformation of 
metals are the Huber-von Mises-Hencky!~3 
and the St. Venant’—!° equations. 


HuBER-VON Misres-HENCKY EQUATION 


The Huber-von Mises-Hencky equation 
answers the question: When does plastic 
flow occur in. metal that is subjected to a 
multi-axial stress? It occurs, according 
to this equation, when the three principal 
stresses, f 01, 72, and a3 satisfy the equation: 


(61 — a2)? + (62 — a3)? + (1 — 03)? = 2K? 
[1] 


*Here K is the yield strength of the mate- 
rial as determined in an ordinary tensile 
i test. 
If the quantities 01, 72, anda; are assigned 
_ to the coordinates of a Cartesian three- 
- -dimensional system, this expression de- 
scribes a cylinder whose axis of symmetry 
is inclined at equal angles to the three 
coordinate axes‘.> (Fig. 1). The radius of 
this cylinder is 1/24K. 


rE 
A 


: Manuscript received at the office of the 

Institute Nov. 5, 1945. Issued as T.P. 1980 in 

MetTALs TECHNOLOGY, April 1946. 

-* Metallurgical Engineer, Midwestern Divi- 
sion, Chase Brass and Copper Co., Inc., 


‘as principal stresses, the planes are known as 
- principal planes, and the directions in which 
_ the principal stresses operate are known as the 
_ principal directions. be 


1 References are at the end of the paper. 


For the purpose of simplicity, it is 
sometimes advantageous to ascribe the 
values o1/K = 51, 02/K = Se, o2/K = s3 to 
the three coordinate axes instead of the 
principal stress alone. In this case, Eq. 1 
becomes 


(s1 <a Se)? + (Se = $3)? + (sy _ $3)? = 
[2] 


and the radius of the cylinder becomes 
1/24. In the latter method of representa- 
tion, a point lying inside the cylinder 
indicates that the metal will react elasti- 
cally, whereas a point lying on the cylindri- 
cal surface indicates that the metal will 
behave plastically. 

Some of the geometric features of this 
cylinder are worthy of study. Let us 
inquire first as to what interpretation may 
be placed upon what we will choose to 
call the “circles of latitude” of the cylinder 
(L in Fig. 1) and the “meridians” of the 
cylinder (M in Fig. 1). 


Circles of Latitude 


Circles of latitude are formed by allowing 
a plane, passing perpendicular to the 
cylinder axis, to intersect with the cylinder. 
Any point, P, on this circle is presumed to 
have the coordinates s;, Se, and s3. The 
coordinates of the point resulting from the 
intersection of the plane and the cylinder 
axis will be a, a, and a (since the cylinder 
axis is equally inclined to the. three coordi- 
nate axes). 

Let us now pass a line through the point 
on the circle and the point on the axis. 


aN eg ee 
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The length of this line is R, the radius of 
the cylinder. By definition, the direction 
cosines of this line will be 


$1 — a . se—a 
cosh = = »COS7 = a » and 
cos k = 5 {3] 


Since the cylinder axis is equally inclined 
to the three coordinate axes, the following 


But because of Eq. 4 this expression 
reduces to 


cosh-+cosj7 +cosk=o 
Substituting Eq. 3 in this expression 
yields; 


5 a 


=o 


sie Sg—- @ AN ae 
Rant uaa 


or 51 + 52 + 53 = 3a = constant [s] 


Fic. 1.—GRAPHICAL REPRESENTATION OF HUBER-VON MiIsES-HENCKY EQUATION. 

Eqs. 1 and 2 are the equations of a cylinder whose axis A is equally inclined to the three coor- 
dinate axes 51, 52, and s3. The circles of latitude formed by the intersection of planes normal to the 
axis A with the cylinder are labeled L. The circle of latitude labelled L° is formed in the special 
case where the plane normal to the axis A passes through the origin of the Cartesian coordinate 
system. The meridians, which are straight lines on the cylindrical surface running parallel to the 


axis A, are labeled M. 


expression for its direction cosines may be 
written; 


cos / = cos m = cos n [4] 


Now the line in question is perpendicular 
to the cylinder axis, so we may write: 


cos h: cos} + cosj:cos m+ cos k: cos 
y =0 


Thus, the “circles of latitude” may be 
interpreted as the loci of points for which- 
the sum of the principal stresses is a con- 
stant. A special case exists for the circle 
of latitude formed by the intersection of 
the cylinder and a plane passing not only 
perpendicular to the cylinder axis but 
also through the origin of the coordinate 
system. We shall call this circle of latitude 
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“the reference circle of latitude.” In this 
case a reduces to zero and 


Sq) > Seo Sx’ = 0 [6] 


Here, s,°, s2®, and s3° may be considered 
to be components of a vector passing 
through the origin of the coordinate system 
and a point on the reference circle of 
latitude. 


Meridians 


Meridians are straight lines lying in 
the cylindrical surface running parallel 
to the cylindrical axis. Let us consider a 
single meridian, and further presume that 
_ this meridian passes through the reference 
circle of latitude at a point whose coordi- 
“nates are 51°, so° and s3°.* Any other point 
on the meridian is assumed to have the 
coordinates $1, se, and 53. 
Because the meridian is parallel to the 
cylinder axis, its direction cosines will 
_ be the same as those of the cylinder axis; 
hence Eq. (4) will hold. Since the direction 
cosines of the meridian are known, and 
since it passes through a point whose 
coordinates are known, the equation for 
the meridian may be written: 


Sse 1” Sg — So? SG ——_ S30 
cos | cos m cos n 
= or, in view of Eq. 4. . 
a 
a Sy — $1" = Sp — Sa° = 53 — 53° 


Since these three quantities are equal to 
each other, they all may be set equal to a 
fourth quantity, which is to be considered 
a variable, thus: 


Bs 
— 51 — 51° = b, 52 — 52° = b, and s3 — SS 


3 ony si + b, so = 52° + 6, and s3 
f = s+ [7] 


” In the theory of elasticity and plasticity, 
_ there is a quantity called the “stress 


* Because the meridian is defined by this 
point, we shall call the vector passing through 
this point and the origin of the coordinate 
_ system the ‘‘defining stress vector,” 


+7. 


5) 


deviation,” which is defined simply as the 
difference between the principal stress 
operating in one of the principal directions 
and the average of all three principal 
stresses. Thus the defining equations for the 
three stress deviations, $1, S2, and S3 are: 


ieee (@ ae 2 =e =) 
Sie (* ag - a5 =) (3] 


The stress deviations for a stress system 
defined by any point lying on the meridian 
in question may be obtained by substitu- 
ting the coordinates of any point on the 
meridian as given by the parametric Eqs. 7 
in the defining Eqs. 8. For the case of Si 
we obtain: 


Si = 59+ 6 
ae (Cae Bee ee *) 
=o (ea z = a “) 


Substituting Eq. 6 in this expression 
reduces it to: 


S; = si° = constant [9] 
It can be shown similarly that 


< = 5,9 = constant and S3 = 53° 
= constant [9] 


Thus the meridians may be interpreted 
as the loci of points for which the three 
principal stress deviations are constant. 


SrrAIN RATES AND THE EQUATIONS OF 
CONSTANT VOLUME 


The Huber-von Mises-Hencky cylinder 
describes a locus: it is an expression for 
all possible principal stresses that can exist 
if the metal is in a plastic state. The 
counterpart to it, which describes all 
possible principal strain rates that can 
exist if the metal is in a plastic state, 
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can be derived from the assumption that 
the volume of a metal being deformed 
remains constant (an assumption that is 
true to within o.or to o.1 per cent). This 
assumption can be expressed mathe- 
matically by the following equation: 


€1 + 2 + €3 = 0 


where ¢1, é€2:, and e3 are the principal 
strains. * 
From Eq. ro it follows that, 


[10] 


de, dé» des 
Tike diciad ce fy] 

If the quantities de;/dt, de2/dt, de3/dt, 
are ascribed to the coordinate axes of a 
three-dimensional Cartesian system, this 
expression is the equation of a plane passing 
through the origin, whose normal is equally 
inclined to the three coordinate axes. 

The strain rates that may exist at a 
point in the metal at any given instant 


of time will be expressed by some point . 


in this geometric plane. A vector may be 
' drawn through this point and the origin 
of the Cartesian system. In this case, the 
coordinates of the point de,/dt, de2/dt, 
and de3/dt will become the components of 
the vector. 

From this point on, we wish to consider 
the two three-dimensional Cartesian Sys- 
tems discussed so far as being coincident; 
i.e., the two origins shall be considered 
coincident, the s;, de,/dt axis shall be 
considered coincident, the ss, des/dt axis 
shall be considered coincident, and so on. 


St. VENANT EQuATION 


The St. Venant equation’-!° answers 


* In this work, the strain e is defined by the 
equation: 

e 17, 
where lo and / are the lengths of an element 
before and after deformation, respectively. 
Mention might be made here, too, of the well- 
known fact that the directions along which 
the three principal strains lie are coincident 
with the directions in which the principal 
stresses operate.° 


the question: What will be the relative 
rates of deformation of the metal under a 
particular stress system? 

According to this equation, the strain 
rate in a particular principal direction 
will be directly proportional to the prin- 
cipal stress deviation in that direction, 
thus: 


de; 

yi abe: 

deg 

ie cS. [x2] 
des 

cap = cS3 


where c is a constant. These equations 
are sometimes assembled into the ratio: 


de: deg:deg: :S1:S2:S3 [13] 


Graphically interpreted, these equations 
show that any point on a single’ meridian 
will produce the same relative strain rates. 
Further, in view of Eqs. 9, Eq. 13 becomes: 


[r4] 


Thus we see that (with the two coin- 
cident Cartesian coordinate systems) the 
vector describing the relative strain rates 
coincides with the defining stress vector 
(see footnote on p. 3) that corresponds to 
the point describing the particular stress 
state giving rise to the strain rates. 

Let us illustrate this important fact 
with a graphical example. Presume that 
the metal is subjected to the stress system 
defined by the point P in Fig. 2. This 
point lies on the meridian PP’ whose 
defining stress vector is OP’. The relative 
strain rates produced by the stress system 
P will be proportional to the components 
(in the direction of the coordinate axes) _ 
of the vector OP’. a a 

This relationship points the way to an _ 
extremely rapid method of determining 
relative strain rates if the stress system 
is known or, conversely, of determining 
the relative values of the three principal — 
stresses if the strain rates are known. 


de,: dey: de3: 251925093 53° 
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THE ISOMETRIC PLOT 


We now propose to represent the two 
coincident three-dimensional Cartesian sys- 
tems on an isometric plot. In this case, 


To illustrate the use of the isometric 
plot in determining relative strain rates 
if the stress system is known, consider a 
simple tensile test. In this instance there 


Fic. 2.—TWwo COINCIDENT THREE-DIMENSIONAL CARTESIAN SYSTEMS. 

The Huber-von Mises-Hencky cylinder is broken away to reveal the origin of the systems as 
well as the plane normal to the cylinder axis A passing through the origin. This plane is shaded 
in the drawing. The point P lies on the meridian PP”, which intersects the circle of latitude L° 
at P’. The components (in the direction of the coordinate axes) of the vector OP’ (lying in the 


by the stress system defined by the point P. 


the cylinder shown in Fig. 1 appears as a 
- circle,* the axis of symmetry as a point 
at the center of the circle, meridians 
_ appear as points on the circle, and the 
defining stress vector and the strain rate 
vector appear as some line lying in the 
plane of the paper or drawing and passing 
through the center of the circle (Fig. 3). 

* This proposed method of representation 
can be employed to advantage to plot stress 
data testing the validity of the Huber-von 
Mises-Hencky equation, especially for cases 
where the data do not describe a condition of 


_ plane stress (i.e., for cases where one of the 
7 three principal stresses is not zeTo). 


shaded plane) are proportional to the relative strain rates de:/dt, de2/dt, and de;/dt, produced 


are no shear stresses operating on the cross- 
sectional plane of the tensile specimen or 
any plane perpendicular to this plane. The 
three principal directions are, therefore, 
the longitudinal axis of the specimen and 
any two transverse axes that are per- 
pendicular to each other. In the first prin- 
cipal direction, the principal operating ; 
stress is, of course, the tensile stress that 
exists at the particular moment in question 
in the tensile test, whereas there are no 
stresses in the other two principal direc- 
tions. Thus o; = K, o2 =0, and a3 =0 
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de3/dt = o. The distance D3 between this 
latter line and the point P taken per- 
pendicularly to the line de3/dt =o (or, 
relatedly, parallel to the plane passing 


S 


S 


ae, Za t 


isometric plane from the point P to the 
three lines dei/dt = 0, de:/dt = 0, and 
de3/dt = o. 

To return to Fig. 3, the point P lies 


2; 
at 


Fic. 4.—RELATIVE STRAIN RATES. 


_ The isometric plane is shown passing through the origin O of the system perpendicular to the 

_ axis A. The vector OP lies in the isometric plane, as does a line des/dt = o. The component of 
OP lying in the ss direction is labeled s3°. The distance from P to the line de3/dt = ois labeled D3. 
_ The line Ds is parallel to a plane passing through the ss, d3/dt axis and A. The axis A forms the 


° 
4 angle with the s3, d3/dt axis. 


through the axis A and the s3, de3/dt axis) 
_ may be expressed as function of the com- 
_ ponent s;° in the following manner: 


ca 

4 

e 53° 
4 1B SS ees 
4 sin 

It can be shown by similar means that: 


52° 
sin m 


51° 
Dy = snd and Ds = 


Since 1 = m = n, we may write: 
des: dé: deg: 15195292539: :D1:D2:Ds 


: - Thus in the isometric projection, the 
relative strain rates can be determined by 
measuring each of the distances on the 


one unit* from the line de;/df = 0, and 
—o.5 units from the lines de2/dt = o and 
de3/dt = o, thus indicating that: 


de,:déo:de3::2:—1:—t. 


ie., the specimen will elongate in the 
direction of the longitudinal axis at a 
rate twice as great as that at which it 
contracts in any transverse direction. 
This relationship is commonly known to 
exist for the case of simple tension, and 
may be checked arithmetically by Eqs. 
8 and 13. 


* While the scales in Fig. 3 represent dis- 
tances along the three stress or strain-rate 
axes, there is no reason why they cannot be 
used to measure distances in the plane of the 
paper itself. 
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The converse problem of determining 
relative stresses, being given the relative 
strain rates, is made simpler by the fact 


that: 


de; dé des ot 
+ Fri [rr] 


dt dt 


by Eq. 11. The point at which the vector 
OP’ intersects the plasticity circle will give 
the relative stresses corresponding to the 
deformation. 


SUMMARY 
A method of representing the Huber- 


Fic. 5.—RELATIVE STRESS RATE. 

- The relative strain rate de:/des; = —1/-—1 is given. Line MP’ is laid off —x units from the 
line, de2/dt = 0; line NP’ is laid off —1 units from the line, des/dt = 0. A vector is drawn from the 
origin O through the intersection of lines MP’ and NP’. This vector intersects the plasticity 
circle at a point P”. 


Hence, if any two of the three terms are 
known, the third is determined. Presume, 
for example, that the ratio de2/des = 
—1/—1 is known. A line —1 units from 
the line de2/dt = 0 is laid off (Fig. 5), and 
another —1 units from the line de3/dt = o 
is drawn in. The intersection of these two 


lines determines a vector OP’. P’ lies 2. 


units from the line de;/dt = o as demanded 


von Mises-Hencky equation as a circle — 
on an isometric plot is proposed. 
A rapid graphical method employing 
the proposed isometric plot for determining — 
relative strain rates knowing the stresses 
existing in a metal in the plastic state (or 
conversely, of determining the relative 
stresses knowing the strain rates) is 
described. Simple examples are given. 


raf 
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ADDENDUM 


It was mentioned in the footnote on 
page 5 that the isometric plot would be a 
convenient method of plotting data that 
have been procured to test the validity of 


POSITIVE 
DIRECTION 
FOR 5, 


NEGATIV! tS, 
DIRECTION 


FOR S3° 


4S, 


a. 

Fic. 6.—DatTaA OF HuBER-vON MisEs-HENCKY EQUATION PLOTTED ON PART OF ISOMETRIC PLOT. 

a. Isometric plot of plasticity circle showing directions in which quantities s,;° and s3° are 

plotted if Eq. 15 is followed. 

b. Isometric plot showing one limit of plasticity circle that is used for the case where s,° 
assumes its largest possible value provided Eq. 15 is satisfied. 

c. Same as Fig. 6b for case where s2° assumes its smallest possible value as defined by Eq. 15. 


the Huber-von Mises-Hencky equation. 
It may be mentioned here that these data 
may be plotted in a very abbreviated part 
of the isometric plot. This is analogous 
to the way in which crystallographic data 


can be plotted on a “stereographic tri- 


angle” that composes only one-twenty- 
fourth of the crystallographer’s Wulff 
net. This convenience is possible if (as is 


usually .done in plasticity work) the 


quantities si, 52, and ss are assigned to the 


' three principal stresses so that s; corre- 
sponds to the algebraically largest stress, 


Sq to the next largest, and 53 to the alge- 
braically smallest stress; i.e., 


Si = AY) = 53 
In the light of Eq. 7, this expression trans- 
forms to 


(s:0 + b) = (se + b) = (ss + 8) 


Subtracting the quantity 6 from each 


term leads to 


[15] 


53° = 59° = 53° 


#1 Sy 


63 
Further, Eq. 6 should be recalled: 


$19 + Se? + 52° =.0 


[6] 


If this equation is to have a nontrivial 
solution, there must be at least one positive 


t\Sy 


‘So tS, ‘So 


Ge ‘ 


quantity and one negative quantity, and 
in view of expression 15, si° will be the 
positive term while s,° will be the negative 
one. Further, from Eq. 15, we see that the 
algebraically largest value that s,° can 
assume is 52? = s,° while the algebraically 
smallest value that s2° can assume is 
52° = $3. 

On the isometric plot then, 51° can be 
laid off only in the positive direction while 
s3° can be laid off only in the negative 
direction as indicated by the arrows in 
Fig. 6a. The case where so° = s;° is treated 
in Fig. 6b. Three arrows indicate the values 
of s,°, 52° and s3° and the resultant point 
falls at a “six o’clock” position on the 
circle. The case where s2° = s3° is illus- 
trated in Fig. 6c. Here the three arrows 
indicating the values of s,°, s2° and s3° lead 
to a point on the circle at an “eight 
o’clock”’ position. It can be shown that any 
intermediate value of s2° would yield a 
point on the circle somewhere between 
these two limits (as indicated by the 
heavy line in Fig. 6c). Hence, if the con- 
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Fic. 7.—DATA TESTING VALIDITY OF HuBER-VON MisES-HENCKY EQUATION PLOTTED ISOMETRICALLY. 


Data taken from (a) Taylor and Quinney,® (b) Miller and Edwards," and (c) Marin and Stanley.12 
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vention given in Eq. 15 is adhered to all 
stress data can be recorded on a sextant of 
the plasticity circle whose limits are the 
intersections of the +s, and —s3 axes with 
circle itself. Some recent data published by 
Taylor and Quinney,® Miller and Ed- 
wards,! and Marin and Stanley,!” testing 
the validity of the Huber-von Mises- 
Hencky equation, is recorded in this 
manner by way of illustration in Fig. 7.* 
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* Not all of Miller and Edwards’ data have 
been included here. Their experimental work 
~ was conducted, as indicated in Fig. 7b on 
- tubes under axial tension and external pressure. 
- The tubes would yield in either one of two 
ways: either in tension in the direction of the 
- axis of the tube or by collapsing. While the 
plastic collapse data fall along the plasticity 
circle, these data should be regarded as proof 
of certain collapse behavior with which their 
paper deals and not as proof of the Huber-von 
Mises-Hencky equation. Further, no data 
- for yielding along the axis of the tube have been 

included for the cases where external pressure 
led to a hoop stress that was numerically 
greater than the axial tensile stress, since by 
the St. Venant principle, yielding would have 
occurred to a greater extent in circumferential 
direction of the tube (in which direction no 
strain measurements were made) than in the 
direction of the axis of the tube (in which 
direction, strain measurements were made). 
_ The determination of the yield point in these 
cases may possibly have been affected toa 
slight extent by this fact. 
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DISCUSSION 


M. G. Corson.*—I believe there is a definite 
danger in the metallurgical circles of sub- 
stituting purely mathematical imagery, whose 
production costs are infinitesimal, for tech- 
nically feasible but financially almost impos- 
sible experimentation. So Dr. Baldwin begins 
by giving an equation tentatively developed 
by Von Mises in 1913 and containing three 
principal stresses, none of which can be ex- 
perimentally determined, instead of formulat- 
ing it in plain words: A plastic deformation 
starts when the stress acting in its direction 
surpasses the yield point by the latter’s own 
value, assuming that the two perpendicular 
stresses cannot hamper its action by stresses 
more than half that value. 

The approach to the strain-rate question 
begins with a faulty assumption that the 
volume of the metal being deformed remains 
constant. This is not true either for the purely 
elastic range or for the finished state, because 
the densities of a cold-rolled or cold-drawn 
metal are always lower than those of a properly 
made and annealed metal. The deviations of 
density reach from o.5 to 2 per cent. I do not 
know what the density of a metal in the process 
of plastic deformation might be (does the 
author know it?) but it is hardly any higher 
than in the state-past deformation. So his 
assumption is not true within o.or to 0.1 per 
cent as he states. Therefore, Eq. 10 being 
faulty, the Eq. 11 becomes faulty too. 

I do not see why a strain should be defined 


I 
by the formula e In i; In fact, even if there 
0 


were a good theoretical reason for this it would 
have no practical meaning because in the case 


U 
of the very small local strains the In I, equals 
0 


1 —Ig° 
Lo 
experimental determination of the deformation 

could yield. 


with a precision far higher than any 


* Consulting Engineer, New York, N. Y. 
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St. Venant’s equation 12 is logical if we 
grant all his assumptions—the assumptions 
of a pure mathematician working in 1870 when 
a metal was only a continuum with the hypo- 
thetical atoms forming knots in that con- 
tinuum—if that much. His assumption that 
the rates of strain development are propor- 
tional to the stresses has no basis in fact. 

The statement on page 61 that a specimen 
will elongate along the longitudinal axis at a 
rate twice as high as it will contract in any 
transverse direction is a mere repetition of 
that assumption whose faultiness was indi- 
cated in my paragraph 2. This last statement 
is faulty for both the elastic and the plastic 
deformation. For elastic deformation it con- 
tradicts the values of the elastic ratios, wrongly 
called Poisson’s ratios. For a deformation 
during the plastic process the statement is 
simply devoid of foundation. 

I do not belong with those who hate the 
mathematical method. Nothing is pleasanter 
than to follow a mathematical development 
solidly rooted in the results of a precise ex- 
perimentation. But the mathematics offered 
in’Dr. Baldwin’s paper does not appear to me 
to be meaningful. I wonder very much if it 
ever might help to turn out a better wire or 
strip of any metal. 


W. M. Batpwin (author’s reply).—Mr. 
Corson has raised several points; with regard 
to most of them, it is perhaps best to refer him 
to a number of standard treatises and text- 
books where he can find the fuller explanation 
he requires, and which, because of limitations 
of space, it would be impossible to give here. 

General experimental methods of determin- 
ing the three principal stresses are given in such 
texts as those by Nadai,!* Love,!4 Southwell. 
Specific reports on experiments in which the 
three principal stresses are determined (both 
as to direction and magnitude) would include 
references 9 through 12 of the paper as well as 
Hohenemser’s!® excellent report. 

The reasons for defining strain as In ///) and 


13 Nadai: Plasticity. 
McGraw-Hill Book Co. 

14 Love: Mathematical Theory of Elasticity. 
Cambridge University Press. 

15 Southwell: Theory of Elasticity. Oxford 
University Press, 1936. 

16 Hohenemser: Zfésch. 
Mech. (1931) 11, 15. 


New York,- 1931. 
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its practical meaning when so defined are ex- 
plained in Ludwik,!”7 Sachs,!8 and Gensamer.!® 

Mr. Corson is quite correct in attacking the 
author’s statement that the assumption that a 
metal is constant in volume is correct to 
within 0.01 to 0.1 per cent. A better statement 
would have been that the assumption is true 
to within a very low percentage depending 
upon the metal and type of deformation. For 
copper, the value would appear to be of the 
following magnitude: 0.12 per cent for roll- 
ing,?%?! 9.13 per cent for uniaxial stretching,” 
0.25 per cent for drawing, twisting, or spiral 
rolling;2° for other metals, the variation in 
specific volume is less systematically reported, 
but it appears that Mr. Corson’s value of 2 per 
cent would be in order for, some cases. This 
change is a minor one, however, and by no 
mears justifies Mr. Corson’s statement that 
the conclusions reached regarding the relative 
strain rates involved in a tensile test are 
“simply devoid of foundation.’”’? From Maier’s 
data for iron,?° it would appear that at the de- 
formations at which 1 per cent deviation from 
the starting volume occurs, a hypothetical 
tensile-test specimen would display strain rates 
of 2.00759, —I, —1 instead of 2, —1, —1. 

The St. Venant relations have been experi- 
mentally investigated and experimental results 
have been compared with theory (references 6, 
9 and 10). This is actually the roughest approxi- 
mation contained in the paper, but one that is 
accepted by workers in the field of plasticity. 

The practical use of the mathematics and 
the application of this work to “turn out a 
better . . . strip of any metal” are indicated 
in the author’s discussion on page 67. 


J. Marin.*—The author of this paper has 
presented an interesting and useful graphical 
representation of the distortion energy theory, 
or the MHuber-Von Mises-Hencky theory. 
It should be noted, however, that the dis- 


7 Ludwik: Elemente dir technologischen 
Mechanik. Berlin 1909. J. Springer. 

18 Sachs: Spanlose Formung. Berlin 1930. 
J. Springer. 

19 Gensamer: Strength of Metals. Education 
Lectures, Amer. Soc. for Metals, 1940. 

20 Maier: Trans. A.I.M.E. (1936) 122, 121. 

*1 Wood: Phil. Mag. (1934) 18, 495. 

22 Ueda: Sci. Repts. Tohoku Imp. Univ. 
(1930) [1] 19, 473. ‘ 

* Professor of Engineering Mechanics, Penn- 
sylvania State College,’ State College, Penn- 
sylvania. : ; 
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DISCUSSION 


_ tortion-energy theory as given by Eq. 1 does 


not give the relations between the principal 
Stresses in the plastic range but gives the 


relation between these stresses when yielding 


or plastic flow begins. In some experimental 


studies on combined stresses the beginning 


of yielding has not been accurately defined 
and correlated with the beginning of yielding 
--under simple tension; that is, the method of 
- defining yielding in simple tension should be 


related in some rational way to the method 
used to define yielding in the case of combined 


stress. If the offset yield strength is used for 
5: ge caning the yield stress K in simple tension, 


an equivalent offset strain value for Gear 


_ the yield stress in combined stresses may be 
obtained! and a consistent procedure for both 
~ simple tension and combined stresses is thereby 


used. 
For ductile materials a’ consideration of 


_ distortion energy appears to be basic in not 


only defining the beginning of static yield 


— 23 J. Marin: A Method of Defining Failure in 
Members Subjected to Combined Stresses 
Trans. Amer. Soc, for bad Decy 1941, p: 
1013. 
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under combined stresses (as discussed in the 
author’s paper), but also to predict fatigue 
strength under combined stresses.? The creep 
strains in materials subjected to combined 
stresses accompanied by creep have also been 
approximately determined on the basis of a 
distortion-energy criterion.* More recently a 
distortion-energy criterion has been used to 
predict plastic strain under combined stresses. 
It may be of interest to apply the author’s 
graphical method to the foregoing conditions 
of fatigue, creep and plastic flow. 


W. M. Batpwin, Jr.—Professor Marin’s 

remarks are welcome. They focus attention 
on the practical execution of the work treated 
mathematically in the paper. His suggestions 
with regard to the application of the method to 
conditions of fatigue, creep and plastic flow 
are a partial answer to Mr. Corson’s question 
as to the meaning or use of the paper. 
245. Marin: Working Stresses for Mem- 
bers Subjected to Fluctuating Loads Trans. 
A.S.M.E., 59, A-55. 

2>C. R. Soderberg: The Interpretation of 


Creep Data in Engineering Design. Trans. 
A.S.M.E., Nov. 1936, p. 733. 


Young’s Modulus—Its Metallurgical Aspects 


By Davin J. Macx,* Memser A.I.M.E. 
(New York Meeting, October 1945) 


A survey and critical appraisal of 
published information about Young’s mod- 
ulus was originally made by the writer 
because of a complete lack of information 
about this very important quantity in 
works on mechanics, physical metallurgy, 
physics, and other sciences. It was felt 
that a comprehensive summary of such 
information about Young’s modulus might 
be of general interest and may suggest 
new problems or lines of attack on other 
problems that involve E. Hence this 
paper has been prepared even though it is 
only a review, with no new ideas or experi- 
mental data. The references are only those 
used in assembling the paper. No attempt 
was made to compile a complete bibli- 
ography on the subject of Young’s modulus. 


CALCULATION OF YOUNG’S MODULUS FROM 
THEORETICAL OR EMPIRICAL CONSIDERA- 
TIONS 


Many attempts have been made to 
compute E from theoretical considerations. 
The earliest calculations were probably 
those of Tomlenson (1883) and Souther- 
land (1891), but Fessenden‘!42 made 


extensive calculations a few years later 


and arrived at the relationship: 


2 
p= 78-10"() 


where V is the atomic volume. In 1923, 


Manuscript received at the office of the 
Institute April 18, 1945; revised June 8, 1945. 
Issued as T.P. 1936 in METALS TECHNOLOGY, 
December 1945. j 

* Assistant Professor of Chemical Engineer- 
ing, University of Tennessee, Knoxville, 
Tennessee. 

41 References are at the end of the paper. 


Peczalski,* working from the same stand- 
point but with more information available 
on atomic structure, arrived at an identical 
relationship, which he expressed as: 


p= B(%) 


where B is a constant of value about 
8 - 107, p is density and mis atomic weight; 
the atomic volume, of course, being m/p. 
Portevin*t immediately pointed out that 
while the equations of Fessenden and 
Peczalski were true of the common metals, 
they gave low values for the refractory 
metals with high moduli (Fig. 1). He 
showed (Fig. 2) that much better con- 
cordance was obtained by means of an 
empirical equation of the form: 


KT® 
E=—; 


where K is a constant; T the absolute 
melting point; V, atomic volume, and 
a and } constants of value approximately 
1 and 2 respectively. This constant K 
in the Portevin equation is not necessarily 
the same for all elements, as shown by 
Thompson.‘* Other equations for E based 
upon theoretical considerations have been 
derived by Honda and Yamada‘? and 
Lasareff.®° 

The most recent calculations of elastic 
moduli based upon quantum mechanics 
are probably those of Fuchs.4®-48 He ex- 
tended the method of Wigner and Seitz 
for calculating the lattice energy and 
compressibility of monovalent metals and 
computed the elastic constants of lithium, 
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_ Fic. 1.—YOuUNG’S MODULUS AS A FUNCTION OF ATOMIC VOLUME, PLOTTED FROM THE PECZALSKI 


EQUATION E = B (2 
Data from Metals Handbook, 1939 Edition. 
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I’'1c. 2.—YOUNG’S MODULUS AS A FUNCTION OF T/V* PLOTTED FROM PoRTEVIN’S MODIFICATION OF 
THE FESSENDEN-PECZALSKI EQUATION E = KT/V?. ; 
Data from Metals Handbook, 1939 Edition. 
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sodium, potassium and copper. Agreement 
was good with experimental values. 

A number of empirical relations have 
been derived between the elastic coef- 
ficients, notably the modulus of compressi- 
bility or its inverse, with such quantities 
as surface tension, coefficient of cubical 
expansion, specific heat, etc.,445! but all 
are similar to Portevin’s equation. An- 
drews®? has reexamined the entire problem 
of the correlation of Young’s modulus with 
other physical quantities and concludes 
that the best correlation is given by the 
equation: 

bA 

Caer 

Ve 
where C, 6, and x are constants, V is atomic 
volume, A is absolute temperature and T 
the melting point. This equation is similar 
to Portevin’s but takes into account the 
temperature as suggested by Guillet.?° 


Rie 


EXPERIMENTAL DETERMINATION OF 
Youne’s Moputus 


Many methods have been used to 
determine Young’s modulus experimen- 
tally. All of these fall into either one of 
two categories: static or dynamic. The 
commonest methods of each class will 
be described. 


Static Methods 


The oldest of these methods, and still 
the most widely used, is the stress-strain 
method, the modulus being the slope of 
the straight-line portion of the stress- 
strain curve lying below the proportional 
limit. Experimentally it is only necessary 
to conduct a tensile (or compressive) test 
of the material in question and construct 
the stress-strain curve from which the 
modulus may be read directly. The plotting 
of stress-strain curves is not a difficult 
matter, and is unnecessary if a testing 
machine is equipped with an autographic 
stress-strain recorder. Guillet!? has de- 
scribed the various aspects of this method 


Pa 


in considerable detail. It may be termed 
the “standard” method if such a thing 
exists, because it is a direct method and 
does not involve controversial mathemati- 
cal considerations. The only assumption - 
made is that the load is uniformly dis- 
tributed over the entire cross section, 
which is essentially realized if the longi- 
tudinal dimensions of the specimen are 
sufficiently large in relation to the trans- 
verse dimensions. The cross-sectional shape 
of the specimen is immaterial as long as it 
is uniform. ; 

The principal difficulty consists in load- 
ing the specimen in “pure” tension; 
that is, in obtaining an elongation that is 
identical for all sections of the specimen. 
Another difficulty is the necessity of 
maintaining the specimen at constant 
temperature during an entire run, other- ° 
wise the thermal dilation is algebraically 
added to the elastic deformation, vitiating 
the results. Guillet! shows that a variation 
in temperature of 5° may cause an error 
of 5 per cent in the modulus. Isothermal 
conditions are maintained during a run 
by enclosing the specimen in a box.* This 
tensile method is not readily adaptable 
to brittle or friable material such as 
glass, silica, bismuth wire, etc., or to 
very soft materials such as lead. Nor is it 
useful for very small specimens or samples. 

The most widely used indirect static 
method for the determination of Young’s 
modulus is by studying the flexure (bend- 
ing) of simple beams and constructing 
the load-deflection curve. This method has 
been described by Benedicks,® Guillaume,® 
Nishiyama,’ Ichinose,* Shakespear,4 Wes- 
ton,®> Guillet,!!° and others. It has the 
advantage of giving the deformation very 
sensitively with load, the deformation 
usually being measured by an optical 
lever system’ ®.® or even by means of an 


* The example used by Guillet is the draft 
from an open window blowing on the specimen. 
Probably more commonplace is a too rapid 
pulling rate, which causes a rise in tempera- _ 
ture of the specimen. 
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interferometer.4.5 The chief objections to 
this method are: the inequality of 
the moduli in tension and compression, 
the displacement of the neutral axis of the 
beam during loading, and whether the 
modulus is the same for all sections of 
the beam between the neutral “fibers” 
and those most highly stressed. These 
objections have led several writers!!! to 
describe the method as one of ‘‘hetero- 
geneous” deformation and hence not 
suitable for the determination of Young’s 
modulus. Lea, Collins and Reeve®® have 
shown that for thin-walled tubes the 
modulus determined by flexure is generally 
about 7 to ro per cent greater than the 
modulus determined by the tensile method. 
The limits within which the method of 
flexure is applicable have been analyzed 
mathematically by Hummel and Morton." 

A similar method employing a column 
instead of a beam has been used by Meis- 
ser.!2 He found that if the longitudinal 
load on a thin rod is increased a little 
beyond the critical value, the rod will 
deflect sideways by an amount that 
depends very sensitively on the load and 
the elastic constants of the material. 
Experimentally, Meisser’s method is more 
difficult to use than the beam method and 
is subject to even greater theoretical 
troubles. 

The elastic deflection of helical springs 
has also been used!41® to determine the 
- elastic modulus, particularly in studying 
the effect of hydrostatic pressure. How- 
ever, it is the modulus of rigidity (shear) 
that is determined in this case. The 
experimental and_ theoretical difficulties 
are the same as in the deflection of beams. 
Other static methods for the determination 
of Young’s modulus have been used’*1 
and proposed but they are all closely 
related to the methods just described. 


Dynamic Methods 
All the dynamic methods of determining 


7 _ Young’s modulus are based upon the fact 


that the elastic constants of a material 
largely determine its vibratory character- 
istics. Because of this fact, this field has 
largely been explored by the physicists. 


Fic. 3.—TwiIn PENDULUMS OF LE ROLLAND 
AND SORIN. 
A, specimen; B, rigid bar; P and P’, identical 
pendulums resting on knife edges on B. 


Of the many dynamic methods available, 
one of the best, and certainly the simplest, 
is the twin pendulum method of LeRolland 
and Sorin,!7 which has been extensively 
analyzed mathematically by Guillet.? The 
specimen A (Fig. 3) made of the material 
to be studied is rigidly fixed at its lower 
end and is fitted at the upper end with a 
rigid bar B. P and P’ are two identical 
pendulums resting on B. With P at rest, 
one swings P’ with any amplitude desired. 
P will then be set in motion under the 
influence of the small displacement im- 
pressed on the specimen by P’. P’ de- 
creases in amplitude and transmits its 
energy to P. P’ finally comes to rest and P 
oscillates with maximum amplitude. The 
process then reverses itself. If « is the 
time that separates two arrests of one of 
the pendulums, then Young’s modulus, £, 
is equal to kA where A is a constant, deter- 
mined on a substance whose modulus is 
known. This method realizes the optimum 
conditions of small elastic strain and no 
confinement of the material. The values 
obtained check very closely those ob- 
tained by direct measurement from the 
stress-strain curve as shown in Table t. 
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TABLE 1.—Comparison of Values of 
Young’s Modulus Obtained by Different 
Methods’ 


E from Twin 


E from Stress- 


Material strain Curve, | Pendulums, 

Lb. per Sq. In.|Lb. per Sq. In. 
Copper ere cien- « alelel es 18,480,000 18,480,000 
Bronze 19... Wee. cee 17,910,000 18,050,000 
BONS DO We vee. so e's 17,010,000 17,070,000 
Bronge Er0........3. 16,020,000 15,630,000 


Haupt” also gives comparative values of 
E determined by different methods and 
points out some of the reasons for lack of 
agreement in some of the figures he cites 
(also see Ide?*). There is reason to believe, 
however, that values of E determined by 
static methods should not necessarily 
agree with values optained by dynamic 
methods as pointed out by Ichinose*® and 
Thompson.”! Static methods give an iso- 
thermal modulus while dynamic methods 
may give an adiabatic modulus,* the 
difference between the two sometimes 
being as great as 20 per cent, the adiabatic 
modulus always being the greater. 

Many of the dynamic methods depend 
upon the vibratory characteristics of the 
material differing from one another chiefly 
in the method of inducing the specimen 
to vibrate. This has been done by sonic 
and supersonic methods;?!.22.24,27,31 by a 
piezoelectric oscillator;?*39 by  electro- 
static traction;?°.2551 by the use of a 
Stalloy armature attached to the free 
end of a cantilever beam;?* by the deter- 
mination of resonant frequencies in cir- 
cular wire loops with a beat-frequency 
oscillator;?8 by using the mechanism of 
an electric clock to induce vibrations in a 
loaded spring*® and others, including 
magnetic methods. Even the velocity of 
sound in the material has been used2?:33 
to determine Young’s modulus. All of 
these methods are open to the same ob- 


* An illustration used by Ichinose is in the 
comparison of moduli determined from beam 
deflection where the same deflection is caused 
by a static load and a vibratory load. 


’ 


jection; ie., they necessitate considerable 
mathematical treatment and complex ap- 


paratus. While they give valuable in- ~ 


formation about the elastic constants, 
many of them are more useful in the study 
of oscillation formulas. Their one great 
advantage over static methods is that 
they can be applied to very brittle mate- 
rials.2° Small specimens can also be used. 

Certainly the most widely used dynamic 
method for the determination of the 
elastic constants is the torsion pendulum 
or torsion balance. Since this method gives 
the modulus of shear and not Young’s 
modulus, only a few representative refer- 
ences are given.*4,%5.36 It is interesting to 
note that Jacquerod and Miigeli*® com- 
bined the dynamic and static methods, 
enabling them to determine the shear 
modulus by either method. This was done 
by noting the time of swing of a torsion 
pendulum to which helical springs were 
attached. Torsional methods, like beam 
deflections, are based upon “heterogene- 
ous” deformations! and hence are open to 
objection from a theoretical standpoint. 


Factors AFFECTING MAGNITUDE OF 
Youne’s Moputus 


Crystallographic Effects, Anisotropy 


Single crystals are generally anisotropic 
and the formulas relating stress to strain 
must take into account the variations in 
“stiffness” of the crystal in different 
directions. The result is that an elastic 
coefficient such as Young’s modulus will 
have different values, depending upon 
the crystallographic direction in which 
it is measured. This fact has long been 
recognized by all workers in the field of 
plasticity. As shown by Barrett,®* the 
maximum and minimum values of the 
tensile modulus and the compressive 
modulus vary widely in different metals. 
Tungsten is seemingly isotropic, with 
the same values in all directions; aluminum 


; 
| 
. 
. 
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varies only slightly, 1.21 to 1, while the 
ratio of maximum to minimum E£ in copper 
is 2.85 to 1; for zinc it is 3.55 to 1, and for 
beta brass it is 8.2 to 1.9% These ratios are 
somewhat less than those quoted by 
Sayre.16 

This effect of elastic anisotropy is most 
pronounced in single crystals, and should 
decrease as the number of crystals in the 
specimen increases (grain size decreases), 
provided the grains are oriented statisti- 
cally at random,. thus approaching elastic 
isotropy. Sayre!® shows that Young’s 
modulus in a single crystal of iron may 
have values ranging from 19,000,000 to 
41,000,000 lb. per sq. in., depending upon 
the crystallographic orientation, while the 
value of E commonly reported for poly- 
crystalline iron is 29,500,000 lb. per sq. in. 
Boas®* has computed the magnitude of this 
effect for tin by summation of the average 
values for single crystals over the whole 
range of orientation. Conversely, this 
can mean that as the grain size increases 
the elastic modulus of the material is apt 
to have different values in different 
directions, and this may lead to forming 
difficulties because of its effect on the 
plastic behavior of adjacent grains.* An 
extremely interesting discussion of this 
possibility is given by Sayre.'® On the 
other hand, a metal like aluminum, whose 
crystals show only slight elastic anisotropy, 
would not be expected to show a varia- 
tion of Young’s modulus with grain size. 
That this is true has been demonstrated by 
Sugihara,?454 who found that wide varia- 
tions in grain size in an aluminum rod did 
not appreciably affect EZ but did affect the 


elastic limit. Similar results were obtained 


by Késter®* on aluminum of high purity 
and commercial purity, having a grain 
size range of 7.0 to 0.07 mm., a variation 
of one hundred fold in grain size. 


* This is not to be confused with fibering, 
preferred orientation or texture in wrought 
polycrystalline material that results from other 
causes. Fibering will be discussed in the next 
section. 


Preferred Orientation, Fibering, Deformation 
Textures 


Because of the manner in which metal 
crystals deform plastically, cold-work tends 
to develop a type of preferred crystallo- 
graphic orientation that corresponds with 
more favorable stress-distribution rela- 
tionships than does random crystal orienta- 
tion. The degree of this deformation 
texture depends on the metal, the manner 
in which it is worked and the degree of 
cold-working. Such a texture may or may 
not be removed by recrystallization. A 
great deal of attention has been given 
the subject because of its relation to the 
properties of commercial products. Bar- 
rett®? devotes three chapters to it in his 
recent book on The Structure of Metals. 

The development of such a preferred 
orientation is important because it gives 
rise to pronounced elastic anisotropy 
with resultant variations in Young’s 
modulus in different directions in the 
sheet, rod, wire, tube, and other forms, 
even though the grain size is small. 
Bruggeman*®® has developed a theory for 
calculating the elastic moduli of crystals 
of regular metals of various textures; e.g., 
isotropic, cast, recrystallized, electrolyti- 
cally deposited, rolled, drawn and beaten. 
He has also examined the part played by 
texture and other characteristics of poly- 
crystalline metals in determining their 
elastic constants. Generally, Bruggeman 
found that texture played a predominant 
part, except in tungsten. 


Working, Annealing and Recrystallization 


Strangely enough, comparatively little 
was found in the literature on the effects 
of working on Young’s modulus. Swift,* 
from an investigation of elastic strain, 
came to the conclusion that elasticity is a 
definite inherent property of materials, 
which is not destroyed by mechanical 
treatment and overstrain, and hence the 
modulus of a material should remain 
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practically unaffected by the elastic history 
and condition of the material. This belief 
was,*’ and still is, widely held, although 
it is unsupported by experimental evidence, 
as numerous investigators had shown,**.7% 
even before Swift’s paper appeared. 
Honda and Yamada” found that Young’s 
modulus decreases during cold-working in 
iron, steel, copper, aluminum and brass; 
the magnitude of decrease being about 
3 per cent for single crystals of iron and 6 
to 10 per cent for polycrystalline metals. 
They accounted for this decrease on the 
basis of theory. Kawai® found that for 
iron and steel the modulus was decreased 
by cold-working, first rapidly and then 
slowly. With copper, aluminum and 
nickel, the modulus decreased to a mini- 
mum and later increased with progressive 
cold-working. He also investigated the 
recovery of Young’s modulus during an- 
nealing. With cold-worked iron and steel, 
the modulus increased rapidly at first 
and then more slowly as the annealing 
temperature rose to about 450°C., where 
recrystallization became noticeable. Above 
450°C. the modulus continued to increase 
until at goo°C. it reached the original 
value it had before cold-working. With 
the copper, aluminum and nickel, the 
modulus reached its maximum value at 
300°, 200° and 350°C., respectively (their 
approximate recrystallization tempera- 
tures), and then decreased until its original 
value was reached at about 650°, 500° and 
goo°C. Kawai attributed these changes to 
the combined effect of two opposing fac- 
tors: the internal stresses caused by cold- 
working decreasing the modulus, and the 
appearance of texture, which increased 
the modulus. Similar results were reported 
by Késter and Rosenthal® on 72-28 
brass, whose modulus was decreased by 
cold-drawing. Upon annealing, the modu- 
lus increased, one third of the initial 
decrease being recovered prior to recrys- 
tallization and the remaining two thirds 
during recrystallization. With increase in 


grain size above the recrystallization tem- — 
perature, the modulus increased still 
further. In a further paper, Késter®* found 
that Young’s modulus in aluminum had a 
variable behavior, depending on the 
amount of working, and also that these 
changes were about twice as great in 
magnitude in 99.99 per cent aluminum 
as in commercially pure (99.5 per cent) 
aluminum. He attributed these effects to 
the same factors as Kawai; i.e., internal 
stresses and fiber structure. Kersten® has 
also discussed the effect of internal strain 
on the elastic modulus, chiefly in relation 
to ferromagnetic materials, and the varia- 
tions of elastic modulus with drawing. 
Kuntze® has contributed a similar paper 
on copper as has Baldwin.*’ 

An important question in regard to the 
effect of working on Young’s modulus has 
been raised by Galibourg,®* who found 
that the modulus of annealed nickel is 
higher than that of the same metal cold- 
worked (and aged), provided the stress was 
figured on the basis of the original section 
after the first working (by pulling). If, 
however, the stress was computed from 
the section existing before the final pulling, 
the modulus of the cold-worked nickel 
was greater than that of annealed metal. 
Thus he cites the data shown in Table 2. 


TABLE 2.—Effect of Method Employed in 
Calculating Stress on Modulus of Nickel** 


YOuNG’S 
Moputus 
_ _ MATERIAL Lr. FER Sq. IN. 
Annegied nickel... cated wale osm te 31,650,000 
Cold-worked: and aged nickel, stress 
based on initial section.....;...... 30,500,000 
Cold-worked and aged nickel, stress 
based on final section after four 
PULINS. .. 5 ¢-. vgn om ere 32,200,000 | 


These differences are fairly small and 
would be of little importance except in 
work demanding high precision. They 
may also arise from other causes than 
those suggested by Galibourg. Another 
anomaly concerning the modulus was 


found by Lea and co-workers®® in an 


extensive study of the effect of cold-work- 
ing and annealing on the properties of 


& 
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* thin-walled brass tubes. They found that 
the modulus in direct tension and the 
modulus in indirect compression of hard 
and half-hard tubes varied in an erratic 
fashion with annealing temperatures (up to 
710°C). This is similar to results by other 
authors cited above. However, the modulus 

- determined by flexural methods under- 
went no such variations, but rose steadily 
and uniformly as the annealing tem- 
perature was increased above room tem- 
perature. This ‘‘flexural’? modulus was 
also always 7 to 10 per cent greater than 
the “tensile” modulus. Perhaps this 

_ difference arose because of experimental 
difficulties, because of insufficiently rigor- 
ous mathematical analysis or because of 
the presence of fibering. 

Vater®® studied the influence of cyclic 
stresses of two types, alternating bend- 
ing and tensile, on the elastic moduli of 
Ze spring steel and Elektron. His results are 
- not conclusive but indicate that cyclic 
_ stresses probably decrease the modulus, 
particularly in the presence of over- 
stressing. 
It seems on the basis of the results 
cited that Young’s modulus generally 

_ decreases with cold-working, increases 

somewhat with aging or a strain-relieving 

anneal (for cold-worked material) and 
increases considerably with recrystalliza- 

tion. Behavior for anneals above the 
recrystallization temperature seems to 

vary for different materials and is gener- 
ally erratic, depending largely on the type 
and extent of cold-working. 


Chemical Composition, Alloying 


-_-‘Undoubtedly, the most extensive work 
on the effect of the composition of alloys 
on Young’s modulus has been done by 
_Nishayama’ and Guillet,? although there 
have been many other contributors to 
_ the field, a few of whom are mentioned in 
_ references 67, 10, 68, I, 39, 60, 70, 71, 72 
and 75. 

‘In the range of terminal solid solutions, 


all workers are in agreement that no 
unusual variations exist in Young’s modu- 
lus as a function of composition, such as 
occur in hardness or electrical conductivity. 
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Fic. 4.—MopDULUS OF ELASTICITY OF AN- 
NEALED COPPER-TIN ALLOYS AS FUNCTION OF 
COMPOSITION. 

Experimental data of Nishiyama and 
Guillet lie under those calculated from the rule 
of mixtures. 


If the modulus is plotted against com- 
position in these ranges, a sensibly straight 
line results, which will obey the simple 
rule of mixtures (Cu-Zn, Pt-Ir, Pt-Rh, 
Cu-Ni, Ag-Au, Al-Mg, Mg-Al), or lie 
under the line representing the rule of 


* mixtures (Cu-Sn, Cu-Al, Fe-Ni) (Fig. 4). 


The data for at least one of these systems 
(Cu-Al), which do not give a linear rela- 
tionship, can be made to lie on a straight 
line if the abscissas are plotted as volume 
per cent rather than the usual weight per 
cent.2 There is very little agreement 
among the data, however, as to the exact 
numerical value of the modulus for any 
specific composition, thus Nishayama’s 
data are quite different from those of 
Guillet. The reason does not lie in slight 
differences in composition but probably 
in thermal and mechanical history and the 
fact that Guillet used the double pendulum 
method of LeRolland and Sorin to deter- 


\ 
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mine E while Nishayama used beam 
flexure. 

In alloys where solid solubility is 
limited, the appearance of a second phase* 
with increasing additions of the second 
element usually causes no change in the 
shape or slope of the curve for modulus 
versus composition, providing all alloys 
are in the fully annealed and slowly 
cooled (equilibrium) condition.?”?¢ This 
means that the modulus can still be well 
approximated by the rule of mixtures but 
usually does not hold, however, if the 
second phase is an intermetallic com- 
pound of the type having homopolar 
bonding (Cug Al4, Cu;Zng, CuziSnsg, etc.) 271 
These homopolar compounds have much 
higher moduli (20 to 4o per cent) than 
those given by the rule of mixtures. 

Information is rare on the change of 
modulus with composition in alloy systems 
of the mechanical mixture type (eutectic, 
eutectoid, peritectic, etc.). Guillet®? says 
that the variations in modulus are essen- 
tially linear, and that the curve for modulus 
versus composition does not consist of 
the two straight lines meeting at a maxi- 
mum at the eutectic composition, as it 
does for hardness, elastic limit and tensile 
strength. He gives the Zn-Cd system as 
an example. Perhaps this is true for a 
simple system such as Zn-Cd, but it is 


not true for the more complicated systems, - 


Cu-Zn, Cu-Sn and Cu-Al, as shown by 
Guillet.2 In these three systems the rule 
of mixtures seems to be obeyed except 
when interrupted by homopolar com- 
pounds. Késter,*® working with the same 
systems, was unable to find any relation 


* Provided this second phase is a solid solu- 
tion, a pure metal or an intermetallic compound 
having metallic bonding (CuZn, Al2Cu, etc.) 

+ This has led Guillet®’ to raise the question: 
What may be the elastic limit of a binary alloy 
formed of two phases, a and b, of which the 
elastic limits are Ea and Eb, Ea is less than Eb? 
In reality, ought it not always preserve the 
value of Ea, which is the smallest? Practically 
een a not so and is explained by the structure 
itself. 

Portevin has analyzed this question from 
the theoretical point of view. 


between E and composition, although 
he does state that the phase with the 
lowest symmetry has the highest value of 
E, while Portevin and Chevenard” con- 
clude that the elastic modulus of an alloy 
varies in an almost linear fashion with 
composition, the effect of structure being 
entirely secondary. Cast iron is an appar- 
ent exception and is discussed in a separate 
section. 

Much more evidence is needed on the 
effect of composition and microstructure 
of alloys on Young’s modulus before posi- 
tive conclusions can be drawn. Enough 
evidence exists, however, to support 
Guillet’s®? contention that one cannot hope 
to greatly change the modulus by the 
simple addition of one alloying element, 
as can be done with other properties. 
No evidence was found in the literature 
to support his other contention that 
more is to be expected from ternary and 
quaternary alloys than from the simpler — 
binary systems. 
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Heat-treatment, A ge-hardening, Ordering 


Apparently Masing and Haase* were the 
first to show that the modulus of elasticity 
underwent a pronounced change during 
the solution heat-treatment and _ sub- 
sequent precipitation in.the age-harden- 
ing process. They found that the torsion 
modulus of 2.5 to 3.0 per cent beryllium 
copper increased almost linearly with 
the time of aging at 200°C. but at 400°C. 
it rose rapidly to a maximum in one hour, 
after which it dropped off. The increase 
in the modulus during aging was 26 per 
cent. They used this to confitm their 
belief that age-hardening was due to 
the precipitation of a new phase from 
supersaturated solid solution. Guillet,? 
using a similar alloy and treatment, found 
an increase during aging of only 6 per 
cent in Young’s modulus. In a previous 
paper Guillet’? had found that in annealed 
Be-Cu alloys the modulus was a linear 
function of beryllium content up to 1&5 
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per cent beryllium. On the basis of these 
results one might expect similar effects 
for all alloys capable of age-hardening. 
Evidence from only one other system, 
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Al-Be, is available? and these alloys show 
only the slightest change in Z upon aging. 


_ Strangely enough, Guillet,” in his extensive 


thesis on Young’s modulus, worked with 
numerous alloys capable of being age- 


hardened but investigated the effects of 


4 


~ Cu-Sn alloys 


age-hardening in only two of them, as 
mentioned above, Cu-Be and Al-Be. 
Other types of transformations that 


are affected by thermal treatment have 
been investigated. One of the most inter- 


esting of these is the suppression of the 
eutectoid transformation in Cu-Al and 
by quenching,?,’® These 
alloys, when quenched from above the 


~ eutectoid temperature, develop a meta- 


stable structure, which in the Cu-Al 
alloys is similar to the martensitic structure 


_ produced in steel by quenching. In both 
alloys a considerable drop (50 per cent) 


occurs in E when the alloy is quenched 


_ rather than. slowly cooled (Fig. 5). In- 


termediate cooling rates give intermediate 
values of E (Fig. 6). This effect is a maxi- 


mum at the eutectoid composition, de- 
creasing on either side of it. Reannealing 
returns the modulus to its initial value 
except when the composition approaches 
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that of a homopolar compound,?”> These 
compounds are hard, brittle, and poor 
conductors of heat. Hence, the initial 
quench is believed to cause microscopic 
cracks in the structure, which also tend to 
decrease E and which prevent the return 
of the modulus to its initial value upon 
annealing. This decrease in Young’s 
modulus in these alloys upon quenching 
is also revealed when the alloys are chill 
cast rather than sand cast and must be 
taken into account in bell founding, be- 
cause of its effect on tone quality. 

Incidentally, Benedicks®*.”4 has explained 
these effects on the basis of a deformed 
lattice and offers further experimental 
evidence in support of his theory. 

Another type of thermal transformation 
where the change in modulus has been 
investigated is the order-disorder trans- 
formation. Such transformations occurring 
in the Au-Cu, Ag-Cd, Cu-Zn systems 
have been studied by Késter,** Guillet,’ 
Siegel,°? Guillet and __Portevin’® and 
others. Guillet found that Young’s modu- 
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lus did not change appreciably with the 
appearance of ordering although the hard- 
ness and electrical conductivity changed 
considerably. Késter, on the contrary, 
feels that measurements of E constitute 
an excellent method for investigating 
phase transitions, including order-disorder 
phenomena. This disagreement may have 
arisen because the two men used different 
methods of determining the modulus. 
Certainly more work is needed on this 
aspect of the problem before a definite 
conclusion will be available. 


Heat-treatment and Quenching of Steel 


The heat treatment and quenching of 
steel was one of the most fertile fields of 
investigation for the earlier workers on 
Young’s modulus but, queer as it may 
seem, the writer does not have a single 
reference to the specific problem of the 
variation in £ with the heat-treatment of 
steel by quenching. This is probably 
because most authors have been super- 
ficially in agreement for the past 50 or 
60 years that Young’s modulus is virtu- 
ally unaffected by quenching or quenching 
and tempering. Most of the general 
evidence cited thus far seems to support 
this contention, although it is belied 
by the behavior of the Cu-Al alloys, which 
undergo a similar martensite-like trans- 
formation upon quenching. It might be 
interesting to investigate variations in 
Young’s modulus among the various 
isothermal transformation products of 
austenite and also during the quenching 
and tempering (aging) in a steel such as 
high-speed. Historical evidence argues 
against any great variations but the 
problem would be of considerable theoreti- 
cal interest. 


Effect of Temperature 


Probably more papers are devoted solely 
to the effect of temperature on E than 
to any other single aspect of the entire 
subject. Generally, the papers are in good 
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agreement upon the fact that E decreases 
as the temperature increases.* Upon the 
specific magnitude of this effect the 
individual‘authors are in poor agreement. 
Many of the paper are vitiated because of 
ignorance of, or inattention to, metal-— 
lurgical details, chief among which are 
aging, recrystallization and grain-growth 
phenomena. These omissions are more 
frequent and serious in older papers. 
Much of the disagreement on results 
may also be attributed to the wide variety 
of methods used in the determination of 
the modulus and the injudicious com- 
parison of values determined by widely 
different methods, and even comparison 
of different elastic moduli. 

Reference has already been made (p. 3) 
to the importance of the temperature 
effect on the elastic modulus and to the 
fact that the formula of Andrews* shows 
the necessity of stating the temperature 
at which E is to be determined. The practi- 
cal importance of the temperature depend- 
ence of Young’s modulus has_ been 
recognized by the Bureau of Standards and 
the aircraft industry in several papers’®.7778 
where the variation in E has been deter- 
mined over the temperature range com- 
monly encountered in operation of aircraft 
instruments. 

Several papers on the temperature 
effect had already appeared by 1900, 
when Thomas’? published one devoted to 
a criticism of previous methods used for 
determining the elastic coefficient of cast 
iron at various temperatures. He also 
discussed sources of error and pointed 
out, quite correctly, that temperature 
has an effect that depends upon the 
duration of exposure to it. Years later 
(1923), Schaefer®® stated that measure- 
ments of the temperature variation of 

* Késter®* claims that metastable phases and 
some intermetallic compounds such as AgCd 
and AuCu have a modulus that increases, 
rather than decreases, with temperature, while 
Kersten** has shown that certain low coeffi- 


cient of expansion alloys have a zero tempera- 
ture coefficient of elasticity. 
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the elastic constants had been made in 
Germany by Katzenelsohn as early as 1887. 
One of the interesting questions was raised 
by Walker®!-in 1907, who suggested that 
the modulus would have different values 
at elevated temperature, depending upon 
- whether it was raised to the temperature 
by passage of an electric current or whether 
it was indirectly heated. In a series of 
papers, Dodge®?.8%.73.84 showed that E was 
the same regardless of the manner in which 
the specimen was heated, and also con- 
tributed information on the magnitude of 
the temperature effect on E. Dodge also 
concluded that by thorough annealing the 
metal can be brought to a cyclic state in 
which the modulus becomes a function of 
_ temperature, and that the modulus of a 
metal decreases with increasing tempera- 
ture, the rate of change increasing with 
the temperature. There is still some indica- 
tion®® that Walker may have been partly 
correct, if one is dealing with a ferro- 
_ magnetic material and the heating current 
- is such as to cause magnetization of the 
material, although the effect is very small. 
Nakamura’ has shown the desirability 
of making determinations of the modulus 
of Fe, Ni and Co in a constant magnetic 
field even at high temperatures. 
The general form of the expression” 
showing the temperature dependence of 
- Eis: 


E = Eyes 


where E is Young’s modulus, A; and hy 

are constants and ¢ is the temperature. 

If the torsion modulus is desired, is 
substituted for E. The constants, and also 
~ dE/dt (or dn/dt), have been evaluated for 
many common metals and alloys.'®.3%.8°,87- 
88,29, 89, 40,90,80,30,91,6,92 Other temperature re- 
 lationships of Young’s modulus are shown 
by Mallock,® who has also presented a 
theory of temperature action.”® The change 
_ in E down to very low temperatures has 
been investigated®* as has the temperature 
- effect in single crystals,*°.°* Two papers,*”* 


showing that previous history of the 
specimen is very important, confirm the 
data of Dodge already cited. 

In concluson, it is probably safe’ to 
say that the effect of temperature on the 
elastic modulus E has been sufficiently 
investigated so that data of some sort are 
available on most common metals and 
alloys. 


Effect of Pressure 


Data are almost completely lacking on 
the effect of pressure. Bridgman has pub- 
lished several papers on the effect of pres- 
sure on the rigidity of several materials. 
Only one paper!4 was reviewed but the 
results indicate that pressure has very 
little effect. Apparently the rigidity of 
steel increases with pressure while with 
glass rigidity decreases. 


Degree of Magnetic Saturation 


One of the complicating items from 
the standpoint of the development of a 
theory of what constitutes Young’s modu- 
lus is the fact that in the ferromagnetic 
metals and alloys the degree of magnetic 
saturation affects the observed value of 
the modulus. It is observed®® that E 
is greater in the magnetically saturated 
than in the demagnetized state. The 
various authors do not agree on the 
magnitude of the increase but are in 
agreement that the effect is the greatest 
on nickel and iron-nickel alloys. 

Siegel and Quimby?’ found the per- 
centage increase in Young’s modulus in 
nickel to be 6.7 per cent between the 
demagnetized and the saturated state at 
23°C., rising to 18.7 per cent increase 
at 185°C. and decreasing to zero at the 
Curie point. These results are generally 
confirmed by Nakamura,®® who reported 
that for Fe-Ni alloys containing less than 
30 per cent Ni the effect was very small, 
reaching its maximum at so per cent Ni 
but generally being smaller than for 
pure nickel. He also found that Young’s 
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modulus for iron and cobalt was almost 
independent of their magnetization, which 
is somewhat at variance with theory and 
the results of others. Even in a material 
such as Permalloy, Siegel and Rosin%® 
found that the increase between zero and 
complete magnetization varied only be- 
tween o.11 per cent and 0.26 per cent, 
depending upon the previous treatment 
accorded the specimen. 

The theory of this effect has been 
discussed extensively by Kersten,®*® Ya- 
mamoto,®? and Siegel.**%° Siegel favors 
the theory proposed by Akulov®® while 
Kersten favors that of R. Becker.® 
The factors involved in the theoretical 
development are the elasticity, magneto- 
striction and the initial state of internal 
stress of the material. Much more work is 
needed on the effect of magnetization on 
Young’s modulus. 


Method of Determination, Size of Specimen, 
Magnitude of Loading 


Method of determination, size of speci- 
men and magnitude of loading all ap- 
parently affect Young’s modulus, but 
precise information is scarce.?037.38 They 
have all been discussed in the section on 
the experimental determination of Young’s 
modulus. 


Discontinuities in the Metal, Graphite in 
Cast Iron 


As mentioned, metallographic structure 
does not greatly affect Young’s modulus 
unless the structure is metastable or 
unless discontinuities such as quenching 
cracks or blowholes are present. Graphitic 
materials are a decided exception to this, 
it being possible to vary the modulus over 
a wide range merely by varying the size, 
shape and distribution of the graphite 
particles. 

Gray cast iron is the commonest of 
these graphitic materials. The structure 
of gray iron is essentially a pearlitic 
matrix in which the graphite particles 


are distributed. The size, number and 
distribution of the graphite flakes can be 
varied over a wide range by suitable 
changes in foundry practice. The matrix 
of the gray iron is actually steel and hence 
would remain the same for considerable 
variations in analysis, and would be 
expected to have a modulus that could 
not be varied appreciably. Hence, vari- 
ations in the modulus may be attributed, 
according to Meyersburg,! to variations 
in the fraction of the cross-sectional area 
that carries the load, because it is only 
the steel matrix that can carry or transmit 
load. He illustrates this schematically 
and also by reference to irons having 
different amounts of combined carbon. 
Thum and Ude!® have studied this 
problem in a very ingenious manner. 
They cut tensile specimens from steel 
sheet, which they perforated with regularly 
distributed holes (slots), the dimensions 
of which varied from one specimen to 
another, the section remaining between 
the holes of the same row being constant 
for all the specimens. The tensile curves 
obtained from these specimens (plotting 
total load as ordinate and elastic elon- 
gation as abscissa) show that the modulus 
decreases when the dimension of the 
holes is increased perpendicularly to the 
tensile load. They then studied a series of 
cast irons, in which the graphite varied 
from almost stringers to rounded particles, 
in order to show the analogy with the 
preceding specimens, the holes being 
replaced by the graphite. The curves 
obtained classified themselves in the 
same order as the slotted sheet specimens. 
Graphitic materials other than gray 
iron have been studied carefully by 
Schwartz and Junge.’ Their conclusions 
are in general agreement with the results 
on gray iron. In addition, they found that 
graphite in flake form decreased E much 
more than an equal amount of temper 
carbon (malleable iron) and that there was 
a linear relationship between graphite 
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content and £ provided all the graphite 
was present as temper carbon and none 
had been recombined by heat-treatment. 
Also, that when the graphite existed only 
as temper carbon—that is, when the 
metallic matrix is interrupted only by 
approximately spherical voids and/or in- 
clusions—the modulus is directly pro- 
portional to the amount of metallic 
phase in a unit volume. Schwartz and 
Junge even proposed that these principals 
might form the basis for quantitatively 
expressing graphite form. 


CONCLUSIONS 


The available information on Young’s 
modulus has been critically reviewed and 
summarized. Apparently many of the data 
are inaccurate or contradictory and should 
be critically appraised before use. 

Most attempts along routine channels 
(alloying, heat-treatment, working) to 
change the elastic moduli are foredoomed 
to failure. If it is desired to change E of 
a given material permanently, recourse 
must be had to purely mechanical means, 
such as the development of texture, 
combination or incorporation 
suitable design of other substances with 
the desired material, or by increasing the 
porosity of the material itself. This is 
certainly not a wide or promising list of 
methods whereby Young’s modulus can 
be varied, but it must suffice for the 
present. ; 


SUMMARY 


The literature on Young’s modulus has 
been reviewed and critically appraised. 
It was found that methods of calculating 
the modulus from theoretical considerations 
are scarce although progress is being 
made. A number of empirical relations 
correlating the modulus with other proper- 
ties, such as atomic volume and specific 
heat, have been developed, but the best is 
that of Andrews, who has shown that for 


through 
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any element the modulus is a function of 
atomic volume, melting point and the 
temperature. 

Experimental methods for the deter- 
mination of Young’s modulus were found 
to fall into two classes: (1) static, such as 
the tension test and beam flexure; and 
(2) dynamic, such as the twin pendulums 
and oscillatory or vibratory methods. 
The difficulties and advantages of the 
various methods are enumerated and 
comparisons made. There is no “best” 
method for determining the modulus. 

The many factors that affect the 
magnitude of Young’s modulus were 
examined. Crystallographic effects seem 
the most important because of elastic 
anisotropy. Cold-working reduces the 
modulus while stress-relieving and process 
anneals tend to increase it. The effect of 
alloying is directly proportional to the 
amount of alloying element added, pro- 
vided the alloys are in the fully annealed 
condition. Microstructure has little effect 
unless homopolar compounds are involved, 
although age-hardening and suppressed 
eutectoidal transformations seem to affect 
the modulus in certain cases. Agreement 
is poor on the effects of heat-treatment of 
alloys. Temperature exerts considerable 
influence on the value of the modulus, the 
modulus decreasing with increasing tem- 
perature. Considerable data are available 
on the effect of temperature, although 
individual values may not agree well with 
each other. The degree of magnetic 
saturation affects the modulus of ferro- 
magnetic materials. It is shown that 
discontinuities in the metal, such as 
cracks, blowholes, or graphite in cast 
iron, lower the modulus considerably. 
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DISCUSSION 
(R. M. Brick presiding) 


J. T. Norron.*—Two problems con- 
nected with Young’s modulus have been of 
considerable interest to us recently. One 
has to do again with X-ray stress measurement. 
I do not want to bore you with this, but it 
represents a puzzle which somehow or other 
has to be solved. 

In the X-ray measurement, of course, we 
measure strains, and in order to convert those 
strains into stresses, we must have the elastic 
contents of the material. In making the 
measurements by X-rays, we are measuring 
strains in a certain crystallographic: direction; 
but the crystals that are being measured— 
that is, the crystals that contribute to the 
diffraction pattern—do not have a common 
direction parallel to the stress, and that 
brings up the question of what should be 
used for the elastic modulus. 

The problem has not been solved theoreti- 
cally but in practice we find that for some 
metals if we take the modulus determined in 
the normal way on a polycrystal material, 
the values of stresses measured by X-rays 
agree with those measured mechanically. 

In some other metals, the situation is quite 
different, and there may be values of stresses 
that perhaps are 100 per cent away from the 
true values of stress. The only way in which we 
have been able to get around this difficulty so 
far has been to make an actual calibration on 
the material to be investigated. That is a 
nuisance, but seems to be the only way. 

I certainly -would like to have somebody 
solve the problem of the elastic deformation 
of a polycrystal material with a random 
orientation of the crystal grains, particularly 
when crystals are elastically anisotropic. 

Whether we want to consider the stresses 
equal in all the grains or the strains equal in 
all the grains, or something in between, which 
probably is the true situation, I frankly do not 
know. y 

In connection with Young’s modulus I 


have come across a suggestion in the literature 
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that for wires of small diameter of the same 
material the Young’s modulus depends upon 
the diameter of the wire. I should like to 
know whether that is really true, or whether 
it is in effect due to surface or something that 
has not so far been recognized. It would be of 
considerable interest theoretically if that 
were actually so. . 


G. H. Boss.*—While at school, I did a 
little thinking on Young’s modulus. At that 
time it seemed to me that it should be possible 
to calculate Young’s modulus from some 
relation among the constants of the crystalline 
state of the metal. On this basis, then, I tried 
to set up a correlation between the force 
required to separate the atoms in the crystals 
as measured by the modulus and the energy 
required to separate them as measured by the 
specific heat, atomic volume and the linear 
coefficients of expansion. While many metals 
would fit into a formula involving these con- 
stants, a few would not. Gold and silver do not 
conform in any way; the metals of the iron 
and platinum groups seem to follow a law of 
their own. Perhaps someone else may find this 
idea worth pursuing. 


D. J. Macx (author’s reply).—I sympathize 
wholeheartedly with Professor Norton on 
the problem of what value to use for the elastic 
modulus when endeavoring to deduce stress 
values from strain measurements on poly- 
crystalline material. We have been faced with 
a similar problem involving very thin, heavily 
cold-worked sheet; i.e., the calculation of 
stresses in certain instrument components 
from strain measurements where an element 
of the component can be treated as a cantilever 
beam and the result can be integrated to 
include the entire component part. If we 
assumed a “‘reasonable”’ value for the modulus, 
the stress values would frequently be of 
impossible magnitude; while if we reversed 


* Baldwin Locomotive Works, Philadelphia, 
Pennsylvania. 


the process in other cases and calculated the 
modulus from assumed stress values that 
seemed probable, the modulus would have an 
entirely unreasonable value. We realize, of 
course, that our assumptions regarding the 
element as a cantilever beam or the summation 
to include the entire instrument component 
may be in error, but so far we have not~been 
able to locate it and have become increasingly 
convinced that the modulus may actually have 
seemingly unreasonable values, because of the 
thinness of the material and the heavy cold- 
working it receives. Unfortunately, we cannot 
calibrate the material beforehand, as Professor 
Norton does, because fabrication into the 
instrument component changes the modulus. 

I have had no experience with the effect of 
wire diameter on Young’s modulus as reported 
in the literature but some work we have done 
indicates that there is a similar effect for very 
thin sheet material, 0.0012 to 0.0100 in. thick. 
The effect is apparently real and is associated 
with the elastic anisotropy in the very thin 
sheet caused by the extensive working it 
receives. However, there is also a pronounced 
edge effect when the modulus of the thin sheet 
is determined by the usual tensile method. 
We have tried using drawn tubes having the 
same wall thickness as the sheet in an effort 
to eliminate this edge effect in the tensile 
method but the work~has not been carried 
far enough to obtain conclusive results. 

In endeavoring to compute Young’s modulus 
from the physical constants of a material, 
Mr. Boss encountered the same difficulty as 
others (for example, references 41 to 44, 
49 to 52 in the paper) who have attempted 
similar calculations; i.e., the results are in 
good agreement with experimental values for 
some materials and poor for others. Apparently 
the best approach for calculation of the 
modulus is that of quantum mechanics as 
used by Fuchs,**48 although I believe there 
is probably a theoretical basis for the empirical 
relation between physical constants and 
Young’s modulus developed by Andrews.” 


Relative Triaxial Deformation Rates 


By Wirt1am M. Batpwin, Jr., 


EXPLORATORY WORK 
Tue related subjects of preferred orienta- 
tion, directionality in physical properties, 
and earing tendencies of wrought metal 
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GAGE OF SHEET = 8. 


Fic. 1,—BLANKED DISK WITH SCRIBED POLAR PLAT AND DRAWN CUP WITH EARS. _ 
Showing directionality in relative rates of deformation in the three principal directions. 


strip have attracted the attention of 
metallurgists to such an extent that in 
the past 20 years hundreds of researches 
have been published on this one general 
problem. The anisotropy of tensile strength 
and elongation have been exhaustively 
studied in their relationship to the occur- 
rence of ears in cups drawn from strip!~29.29 
and, to a lesser extent, yield strength7:!!,17 
and stress-strain curves! have been investi- 
gated. Despite the tremendous fund of 
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1 References are at the end of the paper. 


knowledge thus accrued, no simple quanti- 
tative correlation of directionality and 
earing tendencies has yet been found. In a 
sense, this is not surprising. The formation 
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of ears in a drawn cup clearly is a special 
phase of the general study of metal flow; 
in particular (as will be brought out in the 
course of this paper), ears are due to 
anistropy in the rates of deformation 
of the metal in the radial, circumferential, 
and ‘‘thickness’”’ directions of the original 
blank. It would be difficult to effect a 


correlation between earing tendency and a_ 


property that may be completely  inde- 
pendent of the flow of metal, or at best 
related to metal flow in an exceedingly 
complex fashion. Yet, it is this correlation 
that has been attempted; tensile strength 


and elongation are attributes of metal 


rupture, a phenomenon that has quite 
admirably been shown to be distinct 
from the phenomenon of metal flow,?! 
while yield strength and _ stress-strain 
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functions when obtained by measuring the 
interdependence of load and elongation are 
confined to uniaxial stress-strain conditions. 


DIRECTIONALITY IN TRIAXIAL 
DEFORMATION RATES 


Ear formation can be studied by the 
standard device of scribing a plat or grid 
on a blanked disk and following the 
deformation of this plat as the disk is 
drawn into a cup. 

Fig. 1 is a sketch made from a fully 
drawn cup. The cup itself was drawn from 
roo per cent cubically aligned soft copper 
strip; i.e., from strip all of whose grains 
- have a (100) plane parallel to the rolling 
plane and a [oor] axis parallel to the 
rolling direction. The cup sidewall was 
of the same thickness as the original blank 

Two elements, I and II, have been 
selected on the original disk; their dimen- 
sions, because of the symmetry of the plat, 
are the same: viz., Jo, Wo, and go. 

The final dimensions of element I 
lying in the eared portion of the cup are 
I', w’, and g’, while those of element Il 
lying in the portion of the cup containing 
the trough are /’’, w”, and g’’. It is obvious 
from the sketch that J’ >1’, w’ <w". 
(Further, g’ = g”, this equality being due 
to ironing.) The deformation suffered by 
the two elements are In/J’/lo, In w’/wo, 
In g’/go,and In J’’/Io, In w’’/wo, and In g’’/go, 
respectively, in which 


Pe and 


whence it is seen that the deformations in the 
three “principal” directions proceed at 

different rates in the Case of the two elements; 
i.e., these elements have displayed direction- 
ality . with ete. to triaxial deformation 


= rates. 


It must be admitted that the actual 
course of deformation throughout the 
entire cupping process may be quite com- 
plex, yet the fact remains that somewhere 


ROLLING 
DIRECTION 


Fic. 2.—EXPERIMENTAL PROCEDURE FOR 
DETERMINING ANISOTROPY IN RELATIVE RATES 
OF CONTRACTION OF WIDTH AND GAUGE. 

Standard tensile specimens milled from strip 
at different angles to rolling direction were 
pulled in tension to arbitrary values of elon- 
gation in a 2-inch length (LL) while width 
(WW) and gauge (GG) were measured. 


during the process such directionality has 
been evidenced. 


EVIDENCE OF DIRECTIONALITY IN 
DEFORMATION RATES IN THE 
THREE PRINCIPAL DIRECTIONS 

FOR THE STRESS SYSTEM: 
SIMPLE UNIAXIAL TENSION 


The experimental procedure is graph- 
ically depicted in Fig. 2. Standard tensile 
specimens were milled from strip at 
various angles to the rolling direction. The 
specimens were loaded to a series of 
arbitrary values of elongation (isudlly 
every 5 per cent from o per cent to frac- 
ture) and the dimensions of the width 
(WW) and gauge (GG) were determined 
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with micrometers. The values of width 
and gauge so determined were recorded 
in terms of unit width and unit gauge— 
i.e., in terms of the ratio of the width or 


@ SAMPLE CUT AT 0° TO ROLLING DIRECTION 
a DITTO AT 225° 


Ss 
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RELATIVE TRIAXIAL DEFORMATION RATES 


direction suffers a change in external shape 
similar to any metal that is being cold- 
rolled; i.e., it elongates in one direction, 
contracts in another direction normal to the 


@ SAMPLE CUT AT 0° TO ROLLING DIRECTION 
a DITTO AT 10° 
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Fic. 3.—CONTRACTION OF UNIT WIDTH AND UNIT GAUGE DURING TENSILE TEST OF TWO SAMPLES OF 
100 PER CENT CUBICALLY ALIGNED COPPER STRIP. 
Test specimens taken at different angles to the rolling direction. 


gauge at an arbitrary elongation to the 
original width or gauge before testing. 
These values for two too per cent cubically 
aligned annealed copper strips on 0.025-in. 
gauge are plotted logarithmically in Figs. 
3a and 3b. It is at once apparent that the 
rate of contraction of gauge with respect 
to that of width is a function of the angle 
between the specimen axis and the rolling 
direction. In the specimens cut at o° to 
the rolling direction, the gauge and width 
contract at an equal rate, but as the angle 
between the tensile specimen and the 
rolling direction increases, the gauge con- 
tracts more rapidly until at 45° the gauge 
contracts about 30 times as fast as the width 
at the beginning of the test. From 45° the 
rates tend once more to an equality. 

The tensile specimen at 45° to the rolling 


first and suffers little deformation in a 
direction normal to the first two. 

X-ray analysis of the specimen cut at 45° 
to the rolling direction and pulled in ten- 
sion and of a specimen cut at the same 
angle and then cold-rolled reveals two very 
similar pole figures (Figs. 4a and 4b), 
thus extending the general law that similar 
deformations produce similar crystallo- 
graphic pole figures. Of especial interest, 
however, is the fact that both pole figures 
have been produced by a simple rotation of 
the octahedral poles about the transverse 
[or1] axis. This rotation can be produced 
most simply by equal and simultaneous 
slip on the slip systems (111)[ro1] and 
(111)[1ro]. Such a system acts as if it were 
the simple slip system (111)[211] (Fig. 4c). 
In this case, the pole of the slip plane P, 


} 
: 
| 
| 
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the slip direction D, the tensile axis (or 
rolling direction) L of the specimen and the 
gauge axis G all lie in the same plane. while 
the width axis W lies normal to this plane 


LONGITUDINAL AXIS OF 


TENSILE TEST 


02h 


WIDTH AXIS OF |TENSILE TEST 


fh) g/ TENSILE 


ROLLING 


Fic. 4.—POLE FIGURES AND 

a. Octahedral pole figure of 100 per cen 

direction and pulled in tension to an elongation 
tation. 


annealed 100 per cent cubically aligned copper. 
c. Stereographic projection showing slip syst 
(Fig. 4c and sa). It should be clear from 
Fig. sa or 5b that as the slip direction 
rotates toward the tensile axis in their 
common plane the width of the specimen 
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b. Octahedral pole figure of soft polycrystalline coppe 
starting (001) [110] orientation, obtained by cutting a 
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will suffer no change while the relation 
between change of gauge and of length 
is according to the equation: 


Have Boer \e 
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oR 
DIRECTION 


on 


ROLLING PLANE WIOTH AX 


c 


STEREOGRAPHIC PROJECTION. 


r cut at 45° to the rolling 


of 60 per cent. Triangles indicate starting orien- 


r cold-rolled 43 per cent reduction from a 
strip at 45° to the rolling direction of 


ems operating to give rotation shown in a and b. 


Thus the curves obtained in Fig. 3¢ and 
3b for the samples cut at 45° to the rolling 
direction are explained by the manner in 
which the crystallites deform. 


go RELATIVE TRIAXIAL DEFORMATION RATES 


EVIDENCE OF DIRECTIONALITY IN 
DEFORMATION RATES IN THE 
THREE PRINCIPAL DIRECTIONS 

FOR THE STRESS SYSTEM: 
SIMPLE UNIAXIAL 
COMPRESSION 


It would have been very interesting 
indeed if the experiments described in the 
previous section and depicted in Fig. 2 
could have been repeated on a similar set 
of specimens using compression instead 


a 


a. Model showing relationshi 
Tensile axis L, width axis W, gau 


of tension. Physical limitations, of course, 
prevent the execution of such experiments. 
In an effort to approach the condition of 
simple uniaxial compression, however, the 
following experiments were conducted. 
Two strips, one piece at o° and the other 
at 45° to the rolling direction, were cut 
from o.040-in. thick copper that had been 
cold-rolled in the neighborhood of 96 per 
cent. They were wrapped around mandrels 
to form tubes about 1.0 in. in diameter; 
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Fic. 5.—MOopELs. 


p of slip system for specimen cut at 45° to rolling direction. 


N ge axis G, slip-plane normal P, slip directi 
b. Section view of model shown in a. Width axis i calcio slenes 


between slip plane is A, length of slip plane is S, and 
plane is a, number of slip planes is NV. Slip direction lies in sli 
in plane of paper toward tensile axis as deformation proceed, 


S perpendicular to plane of paper. Distance 
angle between tensile axis and normal to slip 


p plane in plane of paper and moves 
S. 
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annealed, and the seams were butt- 
soldered. The microstructure of the copper 
when annealed was what under normal 
conditions would be described as 100 per 
cent cubically aligned; i.e., a [oor] axis 
was parallel to the old rolling direction 
and a (100) plane was parallel to the old 
rolling plane of the strip. In its new form, 
however, the tube that was formed from 
the specimen cut at o° to the strip-rolling 
direction had a [oor] axis parallel to the 
longitudinal axis of the tube, a [100] axis 
parallel to the radial axis, and a [oro] axis 
parallel to the tangential axis. The other 
tube had a [110] axis parallel to the longi- 
tudinal axis, a [oo1] axis parallel to the 
radial axis, and a [1fo] axis parallel to the 
tangential axis. These conditions are illus- 
trated in Fig. 6. The tubes were pointed 
and then sunk in a series of passes, each 
giving a 1 to 2 per cent reduction in diam- 
eter. In this manner an element in the wall 
of the tube at the exit side of the die was 
subjected to a small longitudinal tensile 
stress, a small radial compressive stress, 
and a large compressive hoop stress.* 
The simultaneous diameter and thickness 
changes are recorded in Fig. 7. Also in 
Fig. 7, a line giving the expected dimen- 
sional changes for isotropic coppert is 
drawn from the starting values of both 
tubes. It is at once apparent that the 
sample tube formed from a strip cut at 0° 
to the rolling direction behaves as if iso- 


* For isotropic copper, the stress required to 
sink a tube 1 to 2 per cent is about II per cent 
of the yield strength of the metal, so that 
according to either the Mohr or von Mises 
equation, the tangential stress is about 90 per 
cent of the yield strength. The average radial 
compressive stress through the wall for this 
reduction may be expressed as the product of 
the tangential stress and the ratio of the wall 
thickness of the tube to the mean diameter of 
the tube, so that for the dimensions of the 
present tubes it is about 4 per cent of the 
yield strength. 

+ This curve was calculated from stress- 
strain and sinking-stress data obtained from 
isotropic copper tube using the Siebel and 
Weber22 analysis as recently modified.2? In 
the range of reduction and relative thickness 
of the tube employed here, the comparison 
of theoretical and experimental values is 
excellent. 2% 


tropic, while the other tube gives much 
higher thickness values than those expected 
from isotropic copper. While the data in 
Fig. 7 are actually portions of curves, they 
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Fic. 6.—EXPERIMENTAL PROCEDURE FOR 
DETERMINING DIRECTIONALITY IN TRIAXIAL 
DEFORMATION RATES FOR 100 PER CENT 
CUBICALLY ALIGNED COPPER FOR STRESS SYSTEM 
APPROACHING SIMPLE UNIAXIAL COMPRESSION. 

Specimens were cut from hard-rolled strip, 
wrapped around mandrel and annealed. The 
seam was butt soldered, and the resulting tube 
was sunk in a series of passes, giving 1 to 2 per 
cent reduction in diameter. The resulting stress 
system (at 1 to 2 per cent reduction) for a small 
element is illustrated. 


approximate straight lines over the interval 
recorded within close enough limits to 
obtain a single value of slope for each line. 
These slopes may be compared with the 
data presented in Fig. 3, if either set of 
data could be reduced to the same form 
of presentation as the other. This can 
easily be done if it is remembered that the 
gauge axis in Fig. 3 is, for each curve, the 
[oor] axis and the width axis is normal to 
both the [oo1] axis and the direction in 
which the tensile stress was applied. In 
the tube-sinking experiments the gauge 
axis is still the [oor] axis for both specimens, 
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whereas it is the drawing direction that is 
normal to both the [oor] axis and the direc- 
tion in which the compressive stress was 
applied (tangential axis). 
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Thus the slopes obtained from Fig. 7 
that give the interdependence of hoop 
strain and thickness strain can be com- 
pared with the data in Fig. 3 if they are 
converted to a slope that gives the inter- 
dependence of thickness strain and strain 
in the drawing direction (longitudinal 
strain). This can be done by means of the 
basic equation 


dinkh+dlint+dlnl=o0 


where lnk = hoop strain, 
In ¢ = thickness strain, 
In/ = longitudinal strain. 
Fig. 8, employing the same coordinates 
as Fig. 3, shows the curves obtained by 
this manipulation. 


These curves were not, of course, ob- 
tained under a simple uniaxial compressive 
stress system, but under one that was con- 
taminated with other stresses. If it is 
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recalled from Fig. 7 that the sample tube 
formed from a strip cut at o° to the rolling 
direction, behaved in the same manner that 
isotropic copper acts, it would appear quite 
likely that under a simple uniaxial com- 
pressive stress system a strip cut at o° to 
the rolling direction, like isotropic copper, 
would expand equally in the width and. 
gauge directions, as suggested by curve 
B in Fig. 8. The possibility, too, must be 
admitted that a specimen if cut from a 
strip and tested in compression at 45° to 
the rolling direction (with no tensile stresses 
acting along the width axis or compressive 
stresses acting along the gauge axis) would 
expand in the gauge direction more rapidly 
for a given expansion in the width direction 
than did the metal in the tube formed from 
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strip cyt at 45° to the rolling direction. It is 
suggested that the curve D in Fig. 8 could 
describe the relative rates of deformation 
in this case. 
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with polar grids, which were used in meas- 
uring the strain suffered during the cupping 
operation. Measurements of radial and 
circumferential line segments were made 
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Fic. 8.—ComPaRISON OF DATA OBTAINED FROM FIG. 7 WITH THAT OBTAINED FROM Fic. 3. 


EVIDENCE OF DIRECTIONALITY IN 
DEFORMATION RATES IN THE THREE 
PRINCIPAL DIRECTIONS FOR THE 
Stress SYSTEMS ENCOUNTERED 
IN PuRE CUPPING 


Cupping experiments were conducted 
on isotropic and too per cent cubically 
aligned copper using a 1}4-in. diameter 
blank of 0.040-in. gauge. The punch diam- 


eter was 0.750 in. while the die diameter 


was 0.890 in. These diameters allowed 


_. ample clearance between punch and die to 


avoid ironing. The blanks were prepared 


with a Brinell microscope while measure- 
ménts of gauge were made with pointed- 
nose micrometers. The cupping of 100 
per cent cubically aligned copper was inter- 
rupted at four stages in the process and 
strain measurements were made at each 
step. 

The exact stress systems existing within 
the metal during a pure cupping operation 
(where no hold-down or ironing exists) can 
be generalized in the following manner. 

Radial Stress—Radial stress will pass 
from zero at the edge of the drawpiece to 
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Thickness Stress—Thickness stress will 
be small and may be neglected in the 
present study, though it may be stated 


some tensile value in the base of the cup. 
The exact function by which this stress 
passes from one end value to the other will 
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Fic. 9.—THICKNESS STRAIN PLOTTED AS FUNCTION OF HOOP STRAIN FOR PURE CUPPING OPERATION. 


depend upon a host of press conditions 
(die contour and surface, punch contour 
and surface, lubrication, speed of drawing, 
etc., etc.) and the stage to which the cup- 
ping has progressed at any given moment. 

Hoop Stress—Hoop stress will pass 
from a compressive value, equal to the 
yield strength of the metal, at the edge 
of the drawpiece to a tensile value in the 
base approximately equal in magnitude to 
whatever radial stress exists there. The 
same remarks may be made regarding 
the exact path which this stress follows 
from the edge to the base of the cup as 
were made for the radial stress. 


that it is generally compressive through- 
out the drawpiece. 


Combination of Stresses 


It is seen, therefore, that throughout the 
entire cupping process the edge of the 
drawpiece is subjected to a simple uniaxial 
compressive stress in the hoop direction 
and it is to be inferred, therefore, that for a 
given negative hoop strain, the radial and 
thickness strains will be positive and one. 
half as large. Similarly, throughout the 
entire process the base of the drawpiece is. 
subjected to approximately equal radial | 
and hoop stresses and it is to be expected 
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that for a given positive hoop strain there 
will be an approximately equal positive 
radial strain while the thickness strain 
will be negative and about twice as great. 


of gauge with no accompanying hoop 
strain (in the radius of the cup) or it 
suffers a thickening of gauge with an equal 
negative hoop strain and no radial deforma- 
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Fic, 10a.— THICKNESS STRAIN PLOTTED AS FUNCTION OF HOOP STRAIN FOR EAR CUP DRAWN FROM 


100 PER CENT CUBICALLY ALIGNED COPPER. 
Four progressive stages of cupping operation are recorded. 


These deformations are seen in Fig. 9 for a 
copper cup drawn from perfectly isotropic 
copper. 

When 100 per cent cubically aligned 
copper is cupped without ironing or hold- 
_ down, the metal in the ear of the cup, while 
giving different shaped curves (Fig. 10a) 
‘still deforms over the same hoop strain- 
thickness strain ratios as isotropic copper. 
‘Thé ‘metal in the trough of the cup on the 
other hand deforms in a unique way (Fig. 


4 100): either the metal undergoes a thinning 


tion (in the wall of the cup). This is true 
for all four stages studied. This latter 
fact can be easily if uncritically demon- 
strated by measuring the radial length of a 
blank and of the trough section of cup 
drawn with a small radius from 100 per 
cent cubically aligned copper. The lengths 
are practically the same before and after 
cupping (Fig. 11). 

The metal in the element lying at 45° 
to the rolling direction suffers the same 
external changes in dimensions (in all four 
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Fic. 10b.—SAME DATA AS IN FIG. toa, FOR THE TROUGH. 


LENGTH OF WIRE 7 = 1.60" 
—n— Hume 2 = 149" 

AVERAGE = 1515" 
BLANK DIAMETER = 1500" 


DIAMETRAL SECTION THRU TROUGH PORTION OF CUP, 
(SECTION TAKEN AS INDICATED 

' IN UPPER RIGHT HAND PERSPECTIVE DRAWING) 

Fic. 11.—ROUGH DEMONSTRATION OF FACT 
THAT TROUGH OF A CUP DRAWN FROM 100 PER 
CENT CUBICALLY ALIGNED COPPER DOES 
NOT ELONGATE SUBSTANTIALLY IN RADIAL 
DIRECTION. 

What small increase in length is noted is 
due to thinning at the radii A-A. 
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Fic. 12.—OCTAHEDRAL POLE FIGURE FOR 
LIP OF CUP AT 45° TO ROLLING DIRECTION 
(TROUGH). 

Original orientation was [oor] axis parallel 
to thickness direction of cup [110] axis parallel. 
to radial direction of cup and [1To] axis parallel 
to tangential direction of cup (normal axis of 


pole figure). Triangles 


} indicate starting 
orientation. 
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a b 
Fic. 13.—DRAWPIECE: (a) NO LONGER HAS CIRCULAR OUTLINE; (b) ALREADY THICKENED 
TROUGH. 
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Thickness strain as function of fiber radius. Ratio of radius of fiber in blank before cupping 


to radius of edge of blank is used as abscissa. 


98 RELATIVE TRIAXIAL DEFORMATION RATES 


stages of the cupping process that were 
studied) as any metal that is cold-rolled; 
i.e., it has elongated in one direction (the 
gauge direction) and has been compressed 


ize the mode of deformation encountered 
during cupping, synthesizing it from the 
data presented for tensile and compression 
tests. There are, however, a number of- 
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Fic. 146.—SEE LEGEND FoR FIG. 144. 
Thickness strain as function of hoop strain. In latter graph, compare curve with circular 
symbols with Fig. 9 and curves with square symbols with Fig. ro. 


in another direction normal to the first 
(the tangential direction) while suffering 
little or no deformation in a third direction 
normal to the first two (the radial direc- 
tion). X-ray analysis of the element at 45° 
to the rolling direction after cupping 
produced the pole figure shown in Fig. r2. 
It is quite apparent that the pole figure 
has been produced by a simple rotation 
of the octahedral poles about the normal 
[110] axis. A similar pole figure and rotation 
have been noted by Brick?® for a single 
crystal of brass rolled from an original 
(110)[oor] orientation. 

“There is a strong temptation to rational- 


complexities to the cupping process which 
make so simplified a rationalization haz- 
ardous. Some idea of these complexities 
may be gained from Fig. 13—a photograph 
of a partially formed cup—(the metal is 
soft copper with a completely cubically 
aligned recrystallization texture)—in which 
it is at once apparent that ears have already 
begun to form. The drawpiece when viewed 
from above no longer has a circular out- 
line—in fact, it tends toward a square.* 


A close inspection of the cup wall reveals 


*See photographs of partially drawn cupro- 
nickel cups (Bassett ead ,Bradley*) and brass 
cups (Palmer and Smith!"). 
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that it is much thicker in the sector con- 
taining the trough then it is in the sector 
containing the ear.* These dimensional 
changes are evidences of directionality in 
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restricted number of crystallographic slip 
systems may be operative and which, 
therefore, may be differently sensitive— 
or even insensitive—to the deviations 
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Fic, 1sa.—EFFECT OF CUTTING SEGMENTS AT 0° AND go° TO ROLLING DIRECTION FROM BLANKS OF 
ANISOTROPIC COPPER. 
Thickness strains as function of fiber radius. Ratio of radius of fiber in blank before cupping 


to radius of edge of blank is used as abscissa. 


triaxial deformation rates, but in them- 
selves alter the stress system acting within 


the metal during the cupping operation. 
The effect of these many factors on the. 


earing tendency of metal can be studied 
easily by artificially producing them sep- 
arately in metal that under normal con- 
dition would produce no ears. It is a moot 
point, however, whether the experience 
obtained from these studies could be 
applied to anisotropic metal in which a 


* See graphs in Swift.*4 


engendered in the stress system. For a full 
and proper understanding of the effect 
of these secondary factors, it is therefore 
necessary to study their effect when 
artificially produced in both directional and 
nondirectional metal. 

For example, “squared” blanks were 
prepared by shearing off four segments of 
circular blanks of (1) copper strip that 
gave no ears when drawn from a circular 
blank and (2) too per cent cubically 
aligned soft copper strip, which gave ears 
at o° and go° to the rolling direction when 


100 


drawn from a circular blank. In the latter 
case the blanks were sheared so as to 
leave the corners of the square (1) at 0° 
and go° to the rolling direction (2) at 45° 
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tropic copper (Fig. 9) to those character- 
istic of cups drawn from round blanks of 
roo per cent cubically aligned copper 
(Fig. 14b). 
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Fic. 156.—SEE LEGEND FOR Fic. 15a. 
Thickness strains as function of hoop strain 


to the rolling direction. Two sets of experi- 
ments were performed, one in which the 
rise of the segment was 1 mm., the other in 
which the rise was 2 mm. The blank diam- 
eter and other cupping conditions were 
the same as described above. 

The cups drawn from isotropic copper 
have thickened in gauge at a greater 
rate in the direction of the segment than 
in the direction of the tab (Fig. 14a). 
Further, the relative rates (as the segments 
are cut deeper) of hoop and thickness 
strains progressively pass from that typical 
of cups drawn from round blanks of iso- 


The, cups drawn from too per cent 
cubically aligned copper can be radically 
affected by cutting segments from the 
blanks. For instance, in the cups drawn 
from blanks sheared in such a way as to 
leave the tabs at 45° to the rolling direction, 
the gauge thickens in the element lying 
at o° to the rolling direction as the segment 
is cut deeper while at the same time the 
gauge thins out in the element lying at 45° 
to the rolling direction (Fig. 15a). The 
relative rates of deformation likewise are 
altered (Fig. 15b). The changes effected by 
cutting segments from too per cent 
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cubically aligned copper blanks so as to 
leave tabs at o° and 90° to the rolling 
direction are less spectacular (Fig 16).* 
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Fic. 16a.—EFreCt OF CUTTING SECMENTS AT 45° TO ROLLING DIRECTION FROM BLANKS OF ANISO- 
TROPIC COPPER. 
Thickness strain as function of fiber radius. Ratio of radius of fiber in blank before cupping 


to radius of edge of blank is used as abscissa. 


It must be concluded, therefore, that the 
mode of deformation occurring during the 
cupping of anisotropic copper is not only-a 
function of the crystallography of the 


~ * One detail in this case is of interest, how- 
ever. The element lying at the very top of the 
ear of a cup drawn from a circular blank of 
100 per cent cubically aligned copper is not as 
severely deformed as an element lying half 
way down the side wal! in the ear (see Fig. 10a). 
The tendency has been so exaggerated by 
cutting tabs at 0° and 90° to the rolling direc- 
tion that for a 2-mm. deep segment the ele- 
ment at the very tip of the tab is hardly 
deformed at all! This may be seen in Fig. 16}, 
where the last point of the curve lies quite 
close to unity on both the ordinate and abscissa. 


CORRELATION OF RELATIVE 
TRIAXIAL DEFORMATION RATES 
DETERMINED IN TENSILE TEST 

WITH MICROSTRUCTURE OF 

SOFT COPPER 


From the exploratory work, it appears 
that entirely new fields of research must be 
exhaustively studied before a clearer 
understanding of the phenomenon of 
earing during cupping can be had. In this, 
the second part of the present paper, the 
directionality of deformation rates in the 
three principal directions of copper de- 
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formed in simple tension is correlated 
with the microstructure of the metal and 
the rolling schedule by which the metal 
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Fic. 16b.—SEE LEGEND FOR Fic. 164. 
Thickness strain as function of hoop strain. 


was produced. Further, a study of earing 
conditions is correlated with the rolling 
schedule. 


EXPERIMENTAL PROCEDURE 
Material Employed 


The copper strip was processed so as to 
include all possible earing conditions 
known. An attempt was made, moreover, 
to investigate those conditions in strip in 
which preferred orientation is indistinct 
or undeveloped—as well as those cases 
where preferred orientation is pronounced. 

Strip intended to give ears at 0° and go° 
to the rolling direction in various intensities 
was produced by processing copper in 
such a manner that all possible combina- 
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tions of the following variables were rep- 
resented: ready to finish anncals—goo°F. 
and 1200°F.; final reductions—8, 12, 16, 
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20 and 28 B. and S. gauge numbers; 
final anneals —goo° and 1200°F. 

Strips intended to give ears at 45° to 
the rolling direction were prepared in two 
different ways: (1) by rolling 86 per cent, 
annealing at 1650°F., rolling 80 per cent 
and annealing at 1500°F.,?7»?8 (2) by rolling 
25 per cent from a complete cubically 
aligned strip and annealing.!®.29 

All break-down reductions were four B. 
and S. gauge numbers and all break-down 
anneals were 1200°F. The final gauge for 
all strips was 0.040 inch. 


METHODS OF TESTING 


Samples were examined microscopically 
(after final annealing), and the _per- 
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centage of cubically aligned grains was 
recorded. '8 

Tensile specimens were milled from strip 
at various angles to the rolling direction 
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Fic. 18.—SLOPE o VALUES FOR COPPER 
STRIPS YIELDING EARS AT 45° TO ROLLING 
DIRECTION. 

Material of lower curve rolled 86 per cent, 
annealed 1650°F., rolled 80 per cent to 0.040 
inch, annealed 1500°F 27 

Material of upper curve rolled 25 per cent, 
from 100 per cent cubically aligned stock, 
annealed 1000°F'.18 


(7) 


and tested in the manner described in 
Fig. 2. The values of unit width and unit 
gauge were plotted on logarithmic scales. 
The slopes of these curves, tes the 
Wo 

origin, were then plotted as = — Tint te (here- 
after referred to simply aso) as a function 
of the angle between the rolling direction 
and the tensile specimen. 

Cupping tests were carried out in which 
1}4-in. diameter blanks were cupped with 
no hold-down plate, using a 34-in. punch 


RELATIVE TRIAXIAL DEFORMATION RATES 


and a die that yielded a final cup wall equal 
to the original blank thickness. The angle 
of the ears, with respect to the rolling 
direction of the strip for each cup, was 
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Fic. 19.—SIMILARITY OF DIRECTIONALITY OF 
TENSILE STRENGTH AND PERCENTAGE OF ELON- 
GATION FOR TWO COPPER STRIPS YIELDING EARS 
AT DIFFERENT ANGLES TO ROLLING DIRECTION. 

Ears at 45° to R.D.: closed symbols rolled 
25 per cent from 100 per cent. Cubically aligned 
stock annealed 1000°F. 18 

Ears at 0° and go° to R.D.: open symbols 
annealed goo°F., rolled 16 B. and S. numbers, 
annealed 1200°F, 


recorded. The percentage of ear height 
differs fundamentally from the conven- 
tional “per cent ear height,” in that the 
datum plane used for all measurements is 


‘the base of the side wall and not the base 


of the cup. 


RESULTS 


The directionality of o for the copper 
strips that gave ears at 0° and go° to the 
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rolling direction is given in Figs. 17a 
through 17d, and for the copper strips 
that gave ears at 45° to the rolling direc- 
tion in Fig. 18. An interesting point to be 
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both strips, yet in one case ears were 
developed at 45° to the rolling direction 
and in the other at 0° and go° to the rolling 
direction. 
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Fic. 20.—VARIATION OF SLOPE o AT 0°, 90° AND 45° TO ROLLING DIRECTION AS FUNCTION OF PER- 
CENTAGE CUBICALLY ALIGNED GRAINS IN MICROSTRUCTURE OF COPPER STRIPS INVESTIGATED. 


noted is that in the coppers studied the 
values of o are a maximum at 0° and go® 
for the strips that eared at o° and go” 
(Figs. 17@¢ through 17d) and likewise are a 
maximum at 45° for strip with ears at 45° 
(Fig. 18). 

These results indicate that there is no 
known case to be encountered in soft copper 
strip where a qualitative prediction of the 
position of the ears cannot be made. This 
correlation becomes all the more significant 


‘in considering the specimen rolled 25 per 


cent from a completely cubically aligned 
structure and the strip given the following 
treatment: ready-to-finish anneal goo’F., 
final reduction 84 per cent, final anneal 
1200°F. The directionality of tensile 
strength and elongation for these two 
strips are given in Fig. 19. The distribution 
of both properties is roughly parallel for 


In Fig. 20, the average values of o at 
0° and go° and the value of o at 45° to 
the rolling direction (taken from Fig. 17) 
are plotted as a function of the percentage 
of cubic alignment existing within the 
sample. The behavior of the curve for the 
average value of o at o° and go° is worthy 
of comment. It will be noticed that the 
curve drops from a value of one at o per 
cent cubic alignment to a value of about 
0.8 at 50 per cent cubic alignment and then 
rises once more to one at roo per cent cubic 
alignment. It is suggested that a second 
orientation occurs in sufficient intensity 
at about so per cent cubic alignment to 
cause this minimum in the curve. 

The difference in the average value of o 
at.o° and go° and the value of o at 45° to 
the rolling direction varies with the severity 
of final reduction, as shown in Figs. 21a 
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Fic. 21.—PLOT OF THREE QUANTITIES. 
1. Percentage of cubic alignment in microstructure. e 
2. Difference between ¢ at 0°, 90° and o at 45°. 
3. Percentage of ear height on drawn cups as a function of final reduction. 
(a) g00°F. Final anneal. (b) 1200°F, Final anneal. 
© Ready-to-finish anneal. goo°F. © Ready-to-finish anneal. 900°F. 
A Ready-to-finish anneal. 1200°F. A Ready-to-finish anneal. 1200°F. 
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and b. In these same graphs the percentage 
of cubically aligned grains is plotted. There 
is a rough parallelism between the two 
functions. It should be noted, however, 
that at relatively low reduction values the 
cubic alignment does not drop below 5 per 
cent (for reasons of probability) while 
values of (6°,90° — o45°) can and do go to 
zero and below. There is also a rough 
parallelism of percentage of ear height 
when plotted against the final reduction 
with these two functions (Figs. 21a and 
21b). Because of the similarity of these 
three functions there is the obvious 
suggestion that a straight line or near 
straight line relationship can be empirically 
made between any two of the three. This 
has been done in Figs. 22a and 220. 
These are empirical relationships for many 
reasons: 

1. The parallelism of the three functions 
_when plotted against the final reduction is 
coincidental. It has just been pointed out, 
for example, that the values of o are prob- 
ably affected by a second orientation, no 
account of which is made on Fig. 22a. 

2. The percentage of éar height is the 
product of an entirely different stress sys- 
tem from that existing in tensile testing 
and is controlled by certain conditions of 
continuity and compatibility occurring in 
the drawpiece being cupped. These factors 
are completely ignored in the representa- 
tion made in Fig. 220. 


SUMMARY 


1. Attention is diverted from a corre- 
lation of directionality in rupture prop- 
erties (tensile strength and elongation) 
with the earing tendency of metal and 
drawn to the possibility of a correlation of 
directionality in flow propertics (relative 
rates of deformations in thrce principal 
directions) with the earing tendency of 
metal. 

2. Extreme variation in the relative 
rates of deformation in:the three principal 
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directions is found when specimens of 100 
per cent cubically aligned copper are pulled 
in simple tension at various angles to the 
rolling direction. 

3. Similar variation is found when 100 
per cent cubically aligned copper is tested 
under a stress system approaching simple 
compression. 

4. The relative rates of deformation of 
isotropic and anisotropic copper were 
studied in a pure cupping operation (with 
no ironing and no hold-down). 

5. The effect of different shaped blanks 
on the relative rates of deformation of iso- 
tropic and anisotropic copper was reported. 

6. A correlation has been made between 
the microstructure of soft copper strip 
and triaxial deformation rates as deter- 
mined in a simple tension test. 

7. A detailed study of all known earing 
conditions of soft copper strip has led to a 
means of determining the position of ears 
from the shape of curves in which @ is 
plotted as a function of the angle to the 


rolling direction. e 
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DISCUSSION 


(Gerald Edmunds presiding) 


F. H. Witson.*—Our friends from the Chase 
Brass and Copper Co. in Cleveland have a 


‘ capacity for getting a great deal of experi- 


mental work and a lot of data into a very 
condensed form, and it takes a lot of study to 
ferret out all that is there. 

To those of us who have spent some time in 
puzzling over the mechanism of ear formation, 
the new line of attack presented in this excellent 
paper is particularly interesting. The com- 
plexities of the question are more clearly 
resolved and the nice correlation between the 
rates of triaxial deformation and earing 
behavior the authors have found for anisotropic 
copper, regardless of whether ears are at AS= 
or at 9o°, is very gratifying. 

These comments may refer to what the 
authors have considered to be obviously 
implied by the experimental data and, if so, 
it still might be just as well to get it down on 
paper for the benefit of those who, like me, 
have to think out loud for clarification. 

It seems to me that the statement in the 
paper that “It must be concluded, therefore, 
that the mode of deformation occurring during 


the cupping of anisotropic copper 1S eee 


sensitive to the stress system engendered in the 
drawpiece itself,’ can be amplified. The 
triaxial stress system is described as radial 
tension, circumferential or hoop compression, 
and thickness compression. The: general 
pattern of earing behavior, as described, 


* American Brass Co., Waterbury, Con- 


necticut. 


becomes a little clearer when we take at least 
part of this stress system and follow its in- 
fluence on triaxial strain. 

Radial tensile stresses increase from zero 
at the edge of the drawpiece to a maximum 
at the radius. Referring to deformation in the 
ear direction as seen in Fig. 1, there is con- 
siderable less radial and hoop strain at the 
rim than in the sections below the rim (as 
pointed out in a footnote to the paper). The 
crystal orientation is the same and the com- 
pressive hoop stresses are less away from the 
rim. Thus, in spite of lesser compressive hoop 
stress at the lower section, there seems to be 
greater hoop strain. Do the authors agree 
that the difference in strain between these two 
elements is due to the increasing radial ten- 


sile stress? Accompanying the change in: 


strain in radial and circumferential directions, 
there is less decrease in thickness strain (from 
rim to radius) than occurs for isotropic copper, 
making the curve in Fig. toa almost hori- 
zontal -at the top of the hook. 

When the effect of cutting segments is 
examined, the assumption, which I believe 
valid, that there.is greater radial tensile stress 
in. the tab direction than in the segment 
direction, helps in interpretation of the curves. 
For isotropic copper, the decrease in thickness 
strain from edge to radius in the tab direction 
becomes less marked as the segments are 
removed, the tendency toward thickening 
under hoop stress being counteracted by the 
higher radial tensile stress in the tab direction 
(Fig. 14a). (The absence of metal at the 
segment must also alter the compressive hoop 
stresses.) When tabs are at 45° for anisotropic 
copper, the radial tensile stress in the tabs 
counteracts the crystallographic tendency to 
thicken. This can be seen in Fig. 15a. When the 
tabs are at o° and go° (Fig. 16a) the radial 
tensile stress augments the crystallographic 
tendency toward low thickness strains and, 
as pointed out in the footnote to the paper, 
thickness strain is practically eliminated when 
2-mm. segments are removed. 

I would like also to ask about one other point. 
Coppers from two different rolling and anneal- 
ing schedules giving ears at 45° are described 
in the paper. The authors also show an aniso- 
tropic copper that has maximum elongation 
and minimum tensile strenett at about 60°, 
and yet gives ears at o° and 90°. Can the 
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authors give some idea of the textures to be 
found in these strips? 


GERALD Epmunps.*—My discussion is in 
reference to Fig. 20, which presents data on 
the variation of the slope sigma as a function 
of the percentage of cubically aligned grains 
in copper strips. (The slope sigma is a function 
of the relative change of width to thickness of 
strip specimens in tension testing.) 

In a randomly oriented metal, and in one 
oriented 100 per cent cubically, fourfold sym- 
metry exists about the rolling direction and 
the transverse direction; hence, the slope sigma 


would be expected to have the value 1.0, as | 


reported by the authors. The textures when 
incompletely developed by cold-rolling, how- 
ever, would be expected to have only twofold 
symmetry about these axes, therefore the slope 
sigma would be expected to depart from 
unity. The shape change undergone by the 
metal in rolling should tend to cause cube planes 
to approach parallelism with the rolling surface 
more rapidly than they approach parallelism 
with the plane including the surface normal 
and the rolling direction. Thus it is not sur- 
prising that the change in slope sigma is a 
decrease, corresponding to the _ thickness 
decreasing more than the width in the tensile 
test. 

Thus there seems to be no need to postulate 
the origin of a second orientation to cause the 
minimum in the curve, Fig. 20. Actually the 
datum points are too few and too irregular to 
establish the location of the minimum, and 
the lowest actual value recorded by the 
authors lies at the 60 per cent abscissa value. 

Regarding the 45° values, there is fourfold 
symmetry about the principal axes normal 
to the direction of elongation in the randomly 
oriented metal, but the symmetry is only 
twofold in the completely cubically oriented 
metal, hence the limiting cases need not have 
the same value. Of course, the direction of 
test makes no difference in the randomly 
oriented metal (here sigma should always be 
unity). In the completely cubically oriented 
metal the octahedral planes that could account 
for narrowing of the specimen are all inactive, 
being parallel to the direction of elongation, 
while the ones that could account for thinning 


* American Brake Shoe Co., Mahwah, New 
Jersey. 
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of the specimen are very favorably oriented 
for slip, 35° from the direction of elongation. 
Thus the decrease of o from 1.0 to zero as 
the orientation texture changes from random 
to roo per cent cubical alignment is rational. 

I should like to know whether the copper 
strip reduced eight numbers and then annealed 
(Fig. 17) developed ears. 


J. T. Norton.*—Would it be at all helpful 
in this problem to be able to measure the 
actual stresses in the material during the course 
of deformation; that is, to know what the 
stresses are not only in the elastic region but 
also after the material has undergone con- ~ 
siderable plastic deformation? 

I ask that question because I think we are 
now in a position to measure such stresses by 
means of X-ray diffraction, not only in the 
elastic range but also after the material has 
been plastically deformed. Another thing 
we can do after the material has been deformed 
is to determine the residual stresses that exist 
in the part; that is, compare the residual 
stresses in the part that has been subjected to 
large deformation as compared with the 
regions where the deformation has been some- 
what less. 

We can determine also the distribution of 
stresses below the surface—that is, the stress 
through the thickness of the material—and I 
should like to ask the various people who have 
discussed this paper whether that information 
would be of any value. 

This method is still in a developmental 
state and J am not sure how well it can be 
applied to copper, but I know that it can be 
applied to other materials, and perhaps it 
might contribute to the solution of this 
general problem. 


T. S. Howatp (author’s reply).—In answer 
to Professor Norton’s question I would say: 
Yes, it would be very helpful. It would remove 
a lot of the supposition that we have been 
working on. 

In reply to Mr. Edmunds’ discussion, we 
should like to mention that secondary orienta- 
tions have been noticed by Cook and Richards?° 


* Massachusetts Institute of Technology, 
Cambridge, Massachusetts. 

30 Figs. 14 and 15 of ref. 29. See also ref. 18, 
Fig. 6a. 
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- in cold-rolled and annealed copper. The present 
authors have not found the second orientation 
to be quite so pronounced as Cook and Rich- 
ards’ Figs. 14 and 15 and as the discussion on 
page 219 of their paper would indicate. This 
discrepancy may be due to slightly different 
compositions in the two coppers investigated. 
In any event, there are indications of a second 
orientation from a _ metallographic _ basis. 
Whether this second orientation is responsible 
for the change in slope o shown in Fig. 20 of 
the present paper, or whether this change is 
caused by the factors outlined in Mr. Edmunds’ 
discussion, the authors are not prepared to 
say. 

It would seem, however, from the micro- 
graphs and X-ray photograms given in Cook 
and Richards’ paper, that for the micro- 
structures representing 40 to 60 per cent cubic 
alignment (at which values the minimum in 
a 0° to go° and o 45° occurs according to Fig. 20 
in the present paper) the divergence of the 
cube planes from the plane including the 
surface normal and the rolling direction is of 
the same order as that of the cube planes 
from the rolling surface, although it must be 
admitted that the data do not permit any 
exact quantitative statements. 

Figs. 21a and 6 indicate that copper rolled 
eight numbers (60 per cent reduction by rolling) 
produces nonearing strip for the ready to finish 
anneals employed in this investigation. 


GrraLp Epmunps.—I did not wish to imply 
that I did not think a second orientation did 
exist. I merely wanted to point out that my 
‘thought on it was that it was not necessary 
that there be a second orientation in order to 
develop the type of curve that was shown in 
Fig. 20. 


T. S. Howatp.—We do not think a second 
orientation is really necessary. 


R. M. Bricx.*—Since people have told 
me that they did not understand the pole 
figures that I have made in the past, so I 
might tell the authors that I studied their 
figures of hoop thickness versus hoop strain, 
and I am sure that I had as much trouble. 

Beyond that, I should like to ask whether 
they have had time to apply their analysis to 
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materials other than copper? I have always 
been curious about the fact that when approxi- 
mately 5 to 7 per cent zinc is added to copper, 
the response of copper to an annealing opera- 
tion is completely altered. The usual analysis 
of cupping has failed completely to account 
for the difference in behavior of copper and 
brass. I wondered whether the sigma analysis 
would take care of that? 


T. S. Howatp.—We have applied this 
method of determining the rates to various 
other metals. We have worked with 70-30 
brass, and we have found that slope sigma 
values were a maximum at 45° for cups that 
produce four ears at 45° to the rolling direction. 
We found quite erratic results for the con- 
ditions under which six ears are produced. 

We also applied this to two other metals in 
an exploratory manner; that is, we had some 
aluminum handy; I think it was 52S. We rolled 
it quite severely and annealed it and drew it 
into cups producing ears at o and go”. Sigma 
values were a maximum at o° and go” also. 

Likewise, we rolled some strip nickel rather 
heavily and annealed it. On cupping, it gave 
ears at 45° to the rolling direction, and the 
slope sigma values were again a maximum 
ates. 


W. M. Batpwin, Jr., T. S. Howatp and 
A. W. Ross (authors’ reply)—We should 
like to make a few precautionary remarks 
with regard to Dr. Wilson’s discussion. In 
his fourth paragraph, Dr. Wilson has sum- 
marized the generalized description of stresses 
acting in a cupping operation given on pages 100 
and 101 and has applied this summary in his 
fifth paragraph to a discussion of the strains 
encountered in metal that ears. This should 
not be done, properly speaking. As stated on 
page 99, directional metal introduces many 
complications which ‘‘alter the stress system 
acting within the metal during the cupping 
operation.” This alteration may be quite 
radical. Recent studies made in Cleveland 
show that nondirectional metal blanks pre- 
pared with tabs and segments as described in 
the paper actually display radial compression 
instead of radial tension in the direction of the 
segment! This work is being continued and it 
is hoped more quantitative data can be 
reported at some later date. Until such time, 
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we hesitate to speculate on the nature of the 
stress systems during the cupping of non- 
directional metal. 

In the last paragraph of his discussion, Dr. 
Wilson asks for a description of the textures 
found in copper, produced by different sched- 
ules, which eared in different ways. The texture 
of the strips about which Dr. Wilson inquired 
can be described as: 

The strip rolled 25 per cent from completely 
cubically aligned copper and then annealed 
(eared at 45°) has a complex structure, which 
is described in reference 18. 

The other strip, which eared at 45° to the 
rolling direction, has an unknown texture. 

The strip annealed at go00°F., rolled 16 
band-S numbers, and annealed at 1200°F., 
which eared at 0° and go” to the rolling direc- 
tion, had, according to Fig. 21), 60 per cent 
cubic alignment. 

Mr. Edmunds has shown a particular interest 
in the question of whether a second orientation 
is necessary to account for the minimum in the 
upper curve of Fig. 20. The slope sigma 
should be unity in the rolling direction if: 
(1) the metal is randomly oriented, (2) the 
metal is ideally cubically aligned, (3) the metal 
is nonideally cubically aligned but shows ran- 
dom scatter about the ideal orientation, or (4) 
is composed of various fractions of 1, 2 or 3. 
That this is true, is, as Mr. Edmunds pointed 
out, because fourfold symmetry exists about 
the rolling direction. 

Anything that would destroy a fourfold sym- 
metry around the rolling direction would cause 
sigma to deviate from unity (for tests taken in 
the rolling direction). Such factors would in- 
clude: (1) mechanical fibering of certain types, 
(2) anisotropic grain shapes, (3) orientations 
not having a fourfold symmetry around the 
rolling direction. 

This list includes only the most probable 
factors that might have entered into our work. 
We are quite certain that factor 1 can be 
neglected: great care was taken in preparing 
the samples, and no evidence of mechanical 
fibering appeared either in the micrographs, 
during shearing (blanking) or cupping, nor 
did examination of fractured tensile speci- 
mens reveal any fibering. The effect of factor 2 
perhaps cannot be neglected. It is, however, the 
authors’ opinion—opinion only—that the effect 
is a minor one. This leaves factor 3—orienta- 
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tions not having a fourfold symmetry around 
the rolling direction. Mr. Edmunds, in his 
second paragraph, has suggested—over and 
above the generalization of a texture having 
“twofold. symmetry”—the presence of a 
(001) [xyo] (where « ¥ 1, 0, 1 and y ¥ 1, 0, 1) 
texture. Another texture was referred to by 
Mr. Howald in his reply: (o11)[2tr]. The 
choice between the two rests on rather meager 
data, as Mr. Howald has indicated, but ap- 
pears to favor the latter. 

We agree with Professor Norton on the im- 
portance of the stress system, and most eagerly 
would welcome any infermation he could 
obtain by means of X-rays. We would be 
glad to supply him with blanks or strip sam- 


‘ples of too per cent cubically aligned material 


should he care to work on the problem. 

We have already alluded, in our reply to 
Dr. Wilson’s discussion, to work that we have 
undertaken on the stress state in the case of 
cupping ‘“‘squared” blanks. Our method con- 
sists in: (1) an analysis of the strain rates 
developed during cupping and (2) the appli- 
cation of the St. Venant equations, by means 
of a graphical method recently developed*! 
to determine the stresses acting. The method 
is restricted to metals that obey or approxi- 
mate St. Venant’s equations; i.e., nondirec- 
tional metal. (We would imagine that any 
stress analysis by means of X-rays of metal 
other than nondirectional would be compli- 
cated because of the anisotropy of elastic 
constants, etc., etc.) It would be of interest 
to determine the stress systems involved in 
cupping by two such different methods. 

Mr. Howald already has answered Dr. 
Brick’s specific question. We should like to 
repeat, however, the remark made in the 
paper; i.e., the sigma values are predicated 
on a stress state of simple tension, which is 
completely different from that existing during 
cupping, and, secondly, the cupping opera- 
tion sets up certain cenditions of continuity 
and comparability of which no account is 
taken in a tensile test on the sigma values. 
Therefore we regard it as a fortuitous coinci- 
dence that maxima in the sigma curves are 
located in the same directions as are the ears 
of drawn cups in so many instances. We do, 
have however, experiments designed to deter- 


31 Baldwin: This volume, p. 55. 


mine the behavior of anisotropic metal under 
combined stresses and this information in 
conjunction with a knowledge of the stress 
system operating during cupping should give 
then a coherent explanation of the mecha- 


nisms involved. 


By way of historical interest, we have found 
a description of anisotropic contraction in the 


~ cross section of a tensile specimen. In 1927, 


L. Weiss®? reports, “ ...a rolling experi- 
ment was undertaken in which an aluminum 
strip 19.5-mm. gauge was cold-rolled to 9.93 
mm... . From this strip a test cylinder was 
machined so that in compression faces coin- 
cided with the rolled surfaces... . An un- 
usual phenomenon was observed, which should 


‘be mentioned. The sample of hard-rolled 


aluminum became completely oval (on com- 
pression) as shown in Fig. 23. To determine 
how the axes of the ellipse lay with respect 


to the rolling direction, a new sample was 


prepared in which the rolling directicn was 


indicated by a scratched line on the com- 


pression face. The result is shown in Fig. 23. 


At this time, I should like to recall a tensile 


oa 
es 


specimen which I prepared a number of years 
ago; it was machined out of a 30-mm. thick 


32 Weiss: Ztsch. Metallkunde (1927) 19, 61. 
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aluminum strip. Even though this specimen 
was annealed before testing, the cross sec- 
tion of the fracture deformed to an oval as 
shown in Fig. 23.” 
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Fic. 23.—SKETCH FROM WEISS’ PAPER.” 


From a study of the sketch given in Fig. 
23, it would appear that the slope sigma for 
Weiss’ tensile specimen (taken at zero de- 
grees to the rolling direction) was less than 
unity. Weiss did not, however, investigate the 
properties of the same strip when tested at 
other angles to the rolling direction. 


Diffusion of the Stable Isotopes of Nickel in Copper 


By Witi1aM A. JoHNSON,* JuNioR MeMBER A.I.M.E. 
(Chicago Meeting. February, 1946) 


Tue mathematical analysis of diffusion 
curves in solid metals is carried out ordi- 
narily by analogy with the flow of heat in a 
continuous medium and no account is 
taken of the fact that the materials 
involved are composed of discrete particles 
that move discrete distances at irregular 
intervals. It is possible to treat the problem 
on the basis of simple assumed atomic 
mechanisms, in which case, because of the 
small scale of the elementary process 
compared to the gross effects observed 
experimentally, the two procedures lead 
to the same expression for the variation of 
concentration with distance. Thus, for 
engineering purposes, the usual methods 
are quite satisfactory. If, on the other hand, 
our purpose is to go beyond the mere 
collection of data, however desirable this 
may be, it is necessary to recognize and 
understand the factors that are of funda- 
mental importance. 

One factor that has not hitherto been 
considered when dealing with solid metals 
is the difference in atomic weights of the 
isotopes of a single metal. While all the 
atoms of a given element are alike chemi- 
cally, their weights may vary by a small 
but significant amount, and atoms of 
different weights may have different 
diffusion rates. With gases this variation 
in isotopic weight produces a change in 
the rate of diffusion by a factor inversely 
proportional to the square root of mass. 


Manuscript received at the office of the 
Institute Dec. 14, 1945. Issued as T.P. 2007 
in METALS TECHNOLOGY, June 1946. 

* Westinghouse Research Laboratory, East 
Pittsburgh, Pennsylvania. 


_and it can be shown that even when the 


While, except for the lightest gases, this 
is not a large effect, it is, for example, 
sufficient to permit a considerable con- 
centration of one isotope at the expense of 
others. If metals exhibit a similar phe- 
nomenon, some modification of the analysis 
of the diffusion process will be required, 
since the different isotopes of a given metal 
will have different probabilities of moving 
and the heat-flow analogy will contain a 
fundamental error. This situation cannot 
be rectified by using a diffusion coefficient 
based on the average probability of moving, 


diffusion coefficient is independent of 
composition, the diffusion curve will not 
agree with the simple theory except in the 
rare cases where only one isotope exists; 
e.g., gold. If, however, the mass effect in 
the solid state were no larger than in the 
gaseous, the errors arising therefrom in the ~ 
analysis of ordinary diffusion curves would 
be quite negligible. Nevertheless, our desire 
to obtain all possible information con- 
cerning the details of the diffusion process, 
and the possibility of diffusion in the solid 
state as a means for separating isotopes 
are cogent reasons for undertaking an 
experimental study to determine whether 
isotopes of different masses diffuse at 
different rates. 


EXPERIMENTAL PROCEDURE 


If isotopes of different masses diffuse at 
different rates, the ratio of the concentra- 
tion of one relative to another will vary 
with the distance from the diffusion inter- 
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face and measurement of this ratio will 
determine the magnitude of the effect. 
Although a change in ratio might be 
detected, by very precise chemical analysis, 
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be analyzed is admitted by a capillary 
leak, and the electron beam ionizes some 
of the molecules of the gas sample. A 
difference in potential draws the ions 


ELECTRON 


{ON BEAM 


VON EXIT-SLIT 
PLATE 


Fic. 1.—PHANTOM VIEW OF MASS SPECTROMETER, ONE GENERAL AND THE OTHER A CLOSEUP OF 
THE IONIZING STRUCTURE. 


as a change in atomic weight, much more 
satisfactory data are furnished by the 
mass spectrometer. This instrument, by 
measuring the relative abundance of each 
isotope with an accuracy better than one 
per cent, provides far greater sensitivity 
than any chemical method, and permits 
also the accurate determination of the 
change in each individual isotope and 
not merely the average effect over all 
~ isotopes. 

A spectrometer designed primarily for 
the analysis of gases was available and the 
details of the diffusion experiment were 
determined to a large extent by the limita- 
tions of this instrument, which is shown 
schematically in Fig. 1. The operation 

of a mass spectrometer of this type is 
 priefly as follows: The sample of gas to 


through the first slit and accelerates them 
to the second slit, where they emerge as a 
beam. This ion beam travels straight down 
the tube until the magnetic field bends the 
ions into a circular path. By proper adjust- 
ment of the ion accelerating voltage and 
magnetic field, ions of a particular mass 
(i.e, mass divided by charge) follow the 
curve of the tube and emerge through the 
exit slit. Here the ions are caught by a 
Faraday cage and the current correspond- 
ing to this particular mass is measured. 
Since the current is proportional to the 
number of ions, the ratio of the currents 
for different masses is the ratio of the 
relative abundance of the different masses, 
and thus any change in the concentration 
of one relative to another is readily 
measured. 


t 
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Metals are not very volatile at ordinary 
temperatures and the choice of the metal 
to be studied had to be made on the basis 
of the possibility of vaporizing it in sufh- 
cient quantity to permit analysis. More- 
over, it would seem desirable that a metal 
of general familiarity be chosen. Of the 
various diffusion combinations considered, 
nickel-copper seemed most suitable, for 
diffusion in this system has been studied, 
the metals and their alloys are well known, 
and the volatile nickel carbonyl furnished 
a convenient means for introducing the 
metal vapor into the spectrometer. In 
the course of the. experimental work, 
however, it was discovered that the choice 
was not an entirely satisfactory one, since 
nickel carbonyl decomposes readily under 
the low pressure employed and deposits 
nickel in the apparatus. For this reason 
the data are neither as accurate nor as 
voluminous as might have been obtained 
with another compound, although they 
indicate clearly that there is a small mass 
effect in diffusion in solid metals. 

The diffusion specimen was prepared 
by electroplating a nickel layer o.o12 in. 
thick on an O.F.H.C. eopper cylinder 
0.950 in. in diameter by 3 in. long. To 
secure an adherent deposit, an electrolyte 
of nickel sulphate and nickel chloride was 
operated at 60°C. with a current density 
of about 30 ma. per sq. in. To prevent 
blistering, the plated specimen was heated 
slowly (50°C. per hour) and then diffused 
for 3.4 days at 1053°C. in “Ammogas.” 
The specimen was mounted in a lathe on 
its original centers and 20 layers of from 
0.0015 to 0.0020 in. thickness were ma- 
chined off. The layers were analyzed for 
copper electrolytically and the residue of 
nickel sulphate was set aside for conversion 
to nickel carbonyl. 

The preparation of nickel carbonyl, 
Ni(CO),, was found to be much more 
difficult than had been anticipated on the 
basis of textbook accounts. The standard 
procedure is to pass pure carbon monoxide 
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at atmospheric pressure over finely divided 
nickel powder at 25° to 75°C., separating 
the gaseous carbonyl from the excess 
carbon monoxide by condensation in 
dry ice or liquid air. To secure a very large 
surface of nickel for reaction, it has been 
found best to start with nickel oxalate or. 
formate and reduce this with hydrogen 
at the lowest practicable temperature— 
about 200°C. The yield under the opti- 
mum conditions that could be established 
was very small, perhaps o.1 per cent of the 
nickel being converted to carbonyl per 
hour. Since initial samples of nickel as 
small as 50 mg. were to be used and samples 
of carbonyl containing 25 mg. of nickel 
were the smallest for which the mass 
spectrometer would provide satisfactory 
results, a rather different method of 
preparing carbonyl had to be employed. 
According to Dr. Owen G. Bennett, 
the difficulty with the usual methods of 
reducing nickel oxide, oxalate or formate 
is their failure to produce a nickel powder 
with a sufficiently great specific surface 
and free from a very thin oxide layer. 
A much more suitable nickel powder can 
be obtained by evaporation of a nickel 
amalgam.! This is prepared by electrolyzing 
slightly acid nickel sulphate or chloride 
with a mercury cathode and an insoluble 
anode, the volume of mercury being chosen 
to yield an amalgam containing about 
2 per cent nickel. The amalgam is washed 
and dried and immediately transferred to 
a glass vacuum apparatus, shown sche- 
matically in Fig. 2, in which the mercury 
is distilled off in vacuo at about 250°C. 
The residue is a spongy mass of very fine 
nickel powder that reacts quickly with 
carbon monoxide at about 50°C. Since 
the reaction is exothermic, no additional 
heat need be supplied when the nickel 
amounts to several hundred grams, but 
with only a gram or less, as in the present 
case, additional heat must be supplied. 


1 References are at the end of the paper, 
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Too high a temperature should be avoided, 
since the carbonyl decomposes to an 
appreciable extent as the temperature 
rises above 75°C. 
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number of the diffusion layers cut from 
the specimen and were kept in sealed-off 
glass tubes because of the volatile and 
poisonous nature of the compound. 


Fic. 2.—SCHEMATIC DIAGRAM OF GLASS APPARATUS FOR PRODUCTION OF NICKEL CARBONYL. 


An essential factor in the success of the 
reaction is a supply of very pure carbon 
monoxide, the most harmful impurities 
being water, carbon dioxide, and sulphur. 
Commercial tank carbon monoxide was 
passed through Ascarite (CO2 absorbent) 


and Anhydrone (H,O absorbent), copper 


chips at 500°C., Ascarite, Anhydrone, and 


- finally a liquid-air trap; common sulphur- 


bearing gases would be largely absorbed 
by several of these reagents. Gas so purified 
did not form a harmful reaction layer on 


the nickel powder even after 24 hr. ex- 


posure. The process so carried out was 
entirely successful, some 50 per cent of 
the nickel being transformed to carbonyl 
in 5 hr., and 75 per cent in 10 hr. Amounts 
of Epil as small as 50 mg. were sufficient 


_ to prepare enough carbonyl for analysis 


in the spectrometer. Samples of carbonyl 
were prepared by this method from a 


The mass spectrometer used was devised 
by Dr. J. A. Hipple? for gaseous speci- 
mens. Preliminary experiments indicated 
that difficulty would be experienced in 
securing large ion currents and conse- 
quently these were measured with a type-K 
potentiometer rather than with the auto- 
matic recorder. The original intention was 
to measure the relative abundance of all 
five nickel isotopes (Ni®®, Ni®, Nié!, 
Ni® and Ni®4, of which the atomic weights 
are, respectively, 58, 60, 61, 62 and 64) 
on about 10 of the layers, but difficulties 
in the operation of the spectrometer with 
nickel carbonyl severely curtailed this 
program. Although at atmospheric pressure 
nickel carbonyl is stable at temperatures 
up to about 75°C., at the pressures of a 
few millimeters of mercury used in the 
spectrometer it decomposes to an ap- 
preciable extent at room temperature. 
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As a deposit of metallic nickel built up 
on the glass parts of the apparatus, through 
spontaneous decomposition, the measured 
abundance of the heavier isotopes de- 
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ments of the abundance of Ni®! and Ni*. 
Moreover, it appeared that Ni®! was not 
completely resolved from the much more 
abundant Ni®, and that unknown impuri- 
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creased relative to the lighter, but whether 
this was selective decomposition or an 
electrical effect caused by the presence of a 
conducting film was not discovered. Since 
this effect did not become serious until 
carbonyl had been in the apparatus for 
perhaps 1o hr., the difficulty was circum- 
vented by periodically washing out the 
glassware with nitric acid. As a check on 
the proper functioning of the apparatus, 
a standard sample of ordinary nickel 
carbonyl was checked frequently. Un- 
fortunately, a deposit of nickel finally 
built up in the spectrometer tube itself, 
shorting ‘the insulation and ending the 
useful life of the tube. Although additional 
data would have been desirable, they 
would not justify the probable destruction 
of a new tube. 

Because of the high molecular weight 
of nickel carbonyl, and its partial de- 
composition to carbon monoxide, difficulty 
was experienced in obtaining sufficiently 
large ion currents for accurate measure- 
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F1G. 3.—CONCENTRATION-PENETRATION CURVE FOR COPPER-NICKEL SPECIMEN AFTER 3.4 DAYS AT 
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ties affected the apparent abundance of 
Ni*4, Thus, only the data for the three 
isotopes Ni®8, Ni®, and Ni® are regarded 
as reliable. 


TABLE 1.—Chemical Analyses of Layers 
from Diffusion Specimen 


Average Radius, Nickel, 
Layer No. oa Per Cent 
I 0.4849 99.90 
2 0.4833 99.25 
3 0.4818 97.15 
4 0.4800 87.02 
5 0.4780 63.54 
6 0.4760 37.60 
7 0.4743 23.05 
8 0.4725 16.44 
9 0.4705 12.62 
bt) 0.4685 9.12 
Il 0.4665 6.88 
12 0.4645 4.25 
13 0.4626 2.97 
14 0.4608 2.16 
15 0.45890 ape 
16 0.4570 1.02 
17 0.4553 0.68 
18 0.4538 0.51 


Certain corrections are necessary to 
obtain absolute values from the ion cur- 
rents measured with the spectrometer. 
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Upon electron bombardment in the spec- 
trometer, nickel carbonyl decomposes into 
a number of different ions, among which 
Nit and Ni(CO).2** are particularly impor- 
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since only a change in ratio was to be 
detected, this correction, being nearly 
constant, could have been neglected. 
Because of the small amount of Ni® in 


10.000 
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Fic. 4.—REPLOT OF DATA IN FIGURE 3 USING PROBABILITY CONCENTRATION SCALE. 


tant. The ion Ni®(CO).++ being doubly 
charged, behaves like a particle of half 
its mass; i.e., one half of 116 or 58, and is 
collected as though it were Ni5*+. A similar 


situation exists for Ni®4(CO).++ which 


appears as Ni®+, but no complications 
arise for Ni®!, Ni®*, or Ni®4. Even this error 
would not have to be taken into account 


in the present experiment if the isotopic 


ratios of the several samples remained 


constant, but since the data show a small 


change from sample to sample, a suitable 


correction was made. The amounts of 


masses 57 (Ni®8(CO)2**), 114 (Ni58(CO) 2+) 


». and 116 (Ni®°(CO)2*) were measured and 


the amount of mass 58 (Ni®(CO)2**) 


was found by simple proportion on the 


assumption that the ratio of Ni(CO).* to 
Ni(CO)2**+ is independent of the mass of 
the nickel isotope. When this value was 


subtracted from the total observed mass 


4 
Pe 


58, the balance was that due to Ni’. 


The correction amounted to about 2 per 


cent and would be important if the ab- 
solute ratios of the isotopes were necessary; 


the samples, the correction to Ni® arising 
therefrom was negligible. 


TABLE 2.—Coordinates of Smoothed Con- 
centration-penetration Curve 


ne 


Distance Distance 
from Nickel, from Nickel, 
Interface, Per Cent Interface, Per Cent 
1/10,000 In. 1/10,000 In. 

220 0.503 50 13.04 
210 0,620 40 15.16 
200 0.768 30 17.60 
190 0.948 20 20.97 
180 1.170 10 26.18 
170 1.439 ° 35.02 
160 1.7607 —10 47.35 
150 2.164 —20 61.41 
140 2.64 —30 76.64 
130 3.22 — 40 85.30 
120 3.90 —50 92.52 
IIo 4.70 —60 96.69 
100 5.65 —70 98.74 
90 6.75 — 80 99.59 
80 8.03 —90 99.88 
7oO 9.49 —100 99.97 

60 Lr .0 


EXPERIMENTAL RESULTS 


The chemical analyses and positions of 
the layers machined from the diffusion spec- 
imen are listed in Table 1 and are plotted 
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in Fig. 3. By making the substitution 


2c = 1 — H(z) 


where ¢ is the concentration and H(z) 
is the probability integral, the data can 
be plotted (Fig. 4) in a manner more 
suitable for drawing the best smooth curve 
through the datum points. Values of z 
were read from this curve and adjusted 
slightly to cause successive differences to 
vary regularly; the corresponding concentra- 
tions are given in Table 2. The smoothed 
coordinates so obtained were used for 
calculating the diffusion coefficient, and 
the isotopic ratios to be expected for 
several assumed variations of diffusion 
coefficient with mass. 

The.unsymmetrical shape of the diffu- 
sion curve indicates that the diffusion 
coefficient is dependent on composition and 
must be evaluated by a special method, 
for example that given by Boltzmann? 
and Matano.‘ The diffusion equation is 


OGe oe dc 
( Ox 
where D is not a constant, but a function 


of c. It is convenient to seek a solution 
of this equation in which c is a function of 


A= 


alone; that is, 


e(x,t) = c (%) = ¢(\) 


Trying this assumption in the diffusion 
equation, the-following is obtained: 


d dc dc 
ROR) tMR=0 Ol 


The fact that the variables x and ¢ have 
disappeared shows that the assumption 
that there is a solution of the diffusion 


equation of the form c (i) = ¢(A) is 


correct. 
If the equation is transformed so that A 
is the dependent variable and c the inde- 
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pendent Variable, there results 
d dy 
(D/z) poghses 
which gives the equation 
dy fe 
D= 345 [irae + 4 


in which A is a constant of integration. 
Rewriting, with set equal to meer the 


equation becomes 


d 
D== 75, |, ete [2] 
co a 
In this the constant A has been reduced 
to zero by choosing the point at which 
x =o such that 


Cn 
[ xdc =o 
co 


where co and cm are, respectively, the 
minimum and maximum concentrations 
in the specimen. 

When distance x is given in inches or 
centimeters, the concentration should be 
expressed as weight per unit volume; 
since the density of copper-nickel alloys 
changes very little with composition, it is 
satisfactory to express concentration as 


fraction by weight. Using Eq. 2, the _ 


diffusion coefficient was calculated from 
the data in Table 2, with results shown in 
Fig. 5. The only other determination for _ 
copper-nickel alloys, that of Grube and © 
Jedele as recalculated by Matano, is also 
shown; the writer corrected this from 
1025°C. to 1052°C. using the activation 
energy of 29,800 cal. While the agreement — 
between the two curves may seem poor, 
the great sensitivity of the calculated | 
diffusion coefficient to slight variations 
in the diffusion curve makes the differences 
not unreasonable. It is believed that the 
irregularity in the neighborhood of 85 per 
cent copper is not of significance; a suitable 
change in two of the points on the diffusion . 
curve by an amount not exceeding the 


= ; WILLIAM A. JOHNSON 


experimental error would remove this 
irregularity. 
The isotopic ratios of four of the layers 
‘and of a standard sample of ordinary 
nickel, as determined. with the mass 
‘spectrometer, are given in Table 3, with 
-an estimate of the probable error based 
-on the internal consistency of about eight 
measurements of each ratio. This estimate 
of error is lower than the total error, since 
‘it includes only the random errors occurring 
during a set of measurements and omits 
any systematic errors; in view of the 
difficulties in the operation of the spectrom- 
eter .arising from the decomposition of 
the carbonyl, probable errors perhaps twice 
as large as those given might be more 
reasonable. The data indicate that the 
isotopic ratios were measured with an 
accuracy somewhat better than one per 
cent, but since the changes in ratio from 
specimen to specimen are small, the accu- 
racy in terms of this change is not good. 
_ Nevertheless, the data show conclusively 
that a change in isotopic ratio was pro- 
- duced by diffusion, and, since there is an 
enrichment of the lighter isotopes of nickel 
on the copper side of the interface and an 
impoverishment on the nickel side, that 
the lighter isotopes diffuse more rapidly 
than the heavier. 


—TasLe 3.—Isotopic Ratios of Layers from 
Diffusion Specimen 
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curves would permit the derivation of the 
empirical relation between diffusion coeffi- 
cient, mass and composition; it would be 
possible to discover, for example, if the 
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Fic. 5.—VARIATION OF DIFFUSION COEFFI- 
CIENT WITH COMPOSITION AT 1052°C., COPPER- 
NICKEL SYSTEM. 


TABLE 4.—Change in Isotopic Ratio 
Produced by Diffusion 


a 


Nick a) aa) 
Layer el, Ni®?7 std. Nis?/ Std. 
No. Per Nis0 e eo 
“agg ioe Ni88/ Spec. 
5 63.54| 1.0004 + 0.0022 | 1.0032 + 0.0039 
9 12.62| 0.9919 + 0.0023 | 0.9904 + 0.0124 
12 4.25) 0.9823 + 0.0028 | 0.9753 + 0.0039 
14 +15] 1.80) 0.9649 + 0.0023 0.9383 + 0.0034. 
5 63.54|—0.0004 + 0.0022|—0.0032 + 0.0039 
9 12.62}+0.0081 + 0.0023 +0.0096 + 0.0124 
12 4.25|+0.0177 £ 0.0028|+0.0247 + 0.0039 
14 + 15] 1.80|+0.0351 + 0.0023|+0.0617 + 0.0034 


e Nickel, 
Bere |" Per Nis8/Niso Nis8/ Nis? 
Os Cent 
BS 5 63.54 |2.556 (1 £ 0.0008) |18.49 (1 + 0.0022) 
9 2.62 |2.578 (1 + 0.0012)/18.73 (1 0.0120) 
| pee 4.25 |2.603 (1+0.0020)|19.02 (1 +0.0022) 
- 14 +15 1.80 |2.650 (tr +0.0012)|19.77 (1 £0 oort) 
% Standard|too 2.557 (1 0.0020) |18.55 (I £0 0032) 
Z 


SS 


The most satisfactory means for dis- 
covering the law expressing the effect of 
mass on the diffusion coefficient would 
be a set of curves showing the variation of 
- diffusion coefficient with composition for 
"each of the five isotopes. Study of these 


antl: 
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effects of mass and composition are so 
related that the diffusion coefficient can 
be written as the product of two factors, 
one expressing only the effect of mass, 
the other expressing only the effect of 
composition. If the chemical analysis and 
complete isotopic constitution of each 
layer were known, concentration-penetra- 
tion curves for each isotope could be 
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constructed and the individual diffusion 
coefficients calculated therefrom as shown 
above. Since, because of difficulties with the 
spectrometer, it was not possible to obtain 
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Fic. 6. —VARIATION OF SEPARATION FACTOR 
WITH MASS AT SEVERAL DISTANCES FROM DIF- 
FUSION INTERFACE. 

Concentration of the isotope of mass, 58 is 
taken as the reference standard. 
all the data required, this general method 
of attack had to be abandoned, and the 
data were merely examined to determine 
whether they were in agreement with 
predictions made on the basis of certain 
reasonable assumptions concerning the 
effect of mass. While this procedure cannot 
be justified as proving the validity of an 
assumed law that yields correct predictions 
—since the same special predictions might 
be obtained from a different law—it does 
provide almost the only means for inter- 
preting the available data. 

The dependence of the diffusion coeffi- 
cient on mass and composition was assumed 
to be of the form 


Du = M-*D(c) 


where Dy is the diffusion coefficient of an 
isotope of mass M, m is an index to be 
determined experimentally and D(c) is the 
concentration dependence. Two choices 
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are available regarding the form of D(c). 
It may be assumed that the rate of diffusion — 
of a given isotope depends on the concen- 
tration of only isotopes of identical mass, 
or it may depend on the concentration of all 
chemically similar isotopes. The latter 
seems the more reasonable assumption 
and the detailed calculations below are 
based on it; certain consequences of the 
former assumption are mentioned, although 
the relatively easy calculations on which — 
they are based are omitted. According to 
the assumed law, the absolute values of 
the diffusion coefficients will vary from 
place to place as the composition changes, 
but their ratios will be constant. 

On the basis of the assumed dependence 
of Dy on mass and composition, certain 
predictions can be made concerning the 
variations in isotopic ratios in the several 
layers. Two of these may be tested with 
the data. The effect of mass on the isotopic 
ratios within a single layer, and the effect 
of composition (or distance from the inter- 
face) on the relative abundance of a single | 
isotope. In order to make these predictions 
quantitative, it is convenient to have an 
expression for the variation of concentra- 
tion with distance as a function of the 
diffusion coefficient. It may be verified 
directly, by substitution, that the following 


equation,® 
r» dd Add 
Fe ol pat Spel [3 
ie) oO 
in which A and B are constants of inte- 
gration, is a solution of Eq. 2, and is, con- 
sequently, the expression sought. In this 
pte Dis to be considered a function of 


A= rt and may be so expressed by using 


the curves in Figs. 3 and 5. However, in 
order to determine the concentration pene- 
tration of a single isotope from this equa- 
tion, it is necessary first to have the 
diffusion coefficient for a single isotope. Ex- 
amination of the data shows that the diffu- 
sion coefficient for Ni®’, the most abundant 
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- isotope, is indistinguishable experimentally 


from that for nickel, and the various curves 


_ shown may be taken equally well for Ni®* 


or for nickel. Then, for a particular isotope, 


Cx = Ak Bow. as [op] +2 
[4] 


where cx is the concentration of an isotope 


of mass Mx, which has a diffusion coeffi- 


cient of KD where 


«~ (8) 


-and the constants Ax and Bx are deter- 
“mined by the boundary conditions. 


Since K can be evaluated for any 
assumed value of » and D is known as a 


function of X, it is possible to calculate the 


diffusion curve for each isotope. However, 
in view of the small variation in isotopic 
ratios found experimentally, the curves 
for the different isotopes would be nearly 
identical, and the proposed numerical 


calculation very difficult to perform with 


sufficient accuracy. Since what is really 


wanted is the change in diffusion curve 


- with change in mass, it is more satis- 


factory to expand the expression for con- 
centration in terms of the parameter K. 
The integrand may be expanded con- 
veniently by the following method: 


» Then — 
OR 
» RQ,K) = RQ,1) + (K - 1) ) 
(K — 1)? 0?R 
eet 
» RA,T) Aki _ 
BOM + ae (K — 1) 
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For convenience put 


» ARQ,1) GA) 
i SE = 110) 


pr Begee [GA) — 2]d\ = 120) 


These integrals can be evaluated numeri- 
cally by using values from the diffusion 
curve. The following relations are con- 
venient for this calculation: 


ARQ,1) _ de 

Bie ax 
CO). tnd = Ih (D a) 
G(o) =o ; 


With the aid of the numerical values and 


Ii(—%) = 0.3572 I,(— ©) = —0.1393 
I,(+0) = —0.1307 In(+) = 0.0822 


the boundary conditions Eq. 5 can be put 


Cx =rat\ = —2 
Cx =oatrAX =+0 


in a form suitable for calculating the diffu- 
sion curve if terms higher than the second 
order be neglected. To determine whether 
this could be done without serious error, 
the values obtained with and without the 
second-order term were compared. This 
is done most conveniently by calcu- 
lating the separation factor as a function 
of distance, where the separation factor S 
is defined as 


5 conc. Ni¥ 
= t — (—— 
af conc. Ni®’/ inal 


. conc. Ni®8 
conc. Ni” / initia 
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The first-order approximation is 


(Kirt) 


Su =— 


and the second-order approximation is 


1 + 0.4879(K — 1) 


oe 7 a ae A, ee ee 


DIFFUSION OF THE STABLE ISOTOPES OF NICKEL IN COPPER 


[2 + I,(A) 


a - 0.4879 | [6] 


(K — 1) 0.1307 + 1i(A) _ P 
ies t + 0.4879(K — 1) — 0.1108(K — ak € earl 
+ (K — 1) [ee + 0.1108} | [7] 


A preliminary examination of the data 
indicated that K should have a value of 


By 0.5 
nearly cA and a comparison of the 
values of Sy given by the two expressions 


58\ 05 
for K = ( is shown in Table 5. The 


TABLE 5.—Comparison of Separation 
Factors Calculated from Several Equations 
Mass 62, = 0.50 


x Equation 6 | Equation 7 | Equation 8 
—80 —0.0006 —0.0006 —0.0006 
—60 —0.0027 —0.0027 —0.0028 
—40 —0.0065 —0.0065 —0.0067 
—20 —0.0083 —0.0083 —0.0075 

to) —0.0039 —0.0039 0.0000 

20 0.0040 0.0041 0.0062 

40 0.0103 0.0104 0.0122 

60 0.0169 0.0170 0.0175 

80 0.0247 0.0248 0.0227 

100 0.0334 0.0334 0.0307 

120 0.0435 0.0431 0.0374 

140 0.0529 0.0522 0.0451 

160 0.0639 0.0629 0.0534 

180 0.0752 0.0737 0.0615 

200 0.0871 0.0848 0.0700 


excellent agreement between the two 
approximations indicates that terms higher 
than the second may be safely neglected, 
and that even the second-order term is 
quite small. 

An alternative procedure would be to 
expand the expression for concentration 
directly in terms of the mass, but the 
series so obtained is more cumbersome and 
converges less rapidly. 

The equation for the separation factor 
may be written as 


Su = S(K)FO) 


° 


I2(A)2C 


showing that at a given distance from the 
interface, or at a given concentration, the 
separation factor depends only on the mass. 
Since 


{(K) = 
K-11 
~ 1+ 0.4879(K — 1) — 0.1108(K — 1)? 


and K differs from unity by only a few 
per cent, f(K) is nearly linear in K. More- 
over, K is given approximately by 


M—s58 
Raa ee) 


and the separation factor is thus nearly 
linear in mass. Accurate calculations show 
that the separation factor for mass 60 
is 50.8 per cent of the value for mass 62, 
as compared with the approximate value 
of 50.0 per cent obtained from the above 
equation. The agreement of the data with 
this relationship is tested in Fig. 6, and 
it is seen that for any composition, the 
variation of separation factor with mass 
is in good agreement with the assumed 
mass effect in diffusion. 

Several methods are available for deter- 
mining the best value of the index z. 
It was assumed that the best value of n 
is the one that minimizes the sum of the 
squares of the differences between the 
observed values of the separation factor 
and those calculated from Eq. 7. This 
criterion leads to a value of 0.48, which | 
may be rounded off to o.5. Thus the diffu- 
sion coefficient varies inversely with the 
square root of mass, as with gases. A 


. 
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comparison of the experimentally observed 
values of the separation factor with those 
calculated on the basis of the inverse 
square root of mass law is given in Fig. 7. 
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The theoretical curve of separation factor 
versus distance calculated from this equa- 
tion is listed in Table 5. It has a value of 
unity at 35 per cent nickel for all isotopes, 


SEPARATION FACTOR: 


7ORIGOMSON4 OMOEA ONEENIO MNES | 
WEIGHT PER CENT NICKEL 


. Fic. 7.—COMPARISON OF OBSERVED VALUES OF SEPARATION FACTOR WITH THOSE CALCULATED ON 
ASSUMPTION THAT DIFFUSION RATE VARIES INVERSELY WITH SQUARE ROOT OF MASS. 


_ While the differences between the observed 
values and the calculated curve for 
_m = 0.50 may appear large, the average 
_ deviation of all measurements is only 0.45 

per cent, an excellent figure for this type 

of work with the mass spectrometer. The 

data are definitely in better accord with 
- the curve for n = 14 than for m = }4 or 1, 
~ but it is clear that any value of n between 
_ 0.4 and o.6 would fit the data about as 
well as 0.5. 

If it is assumed that the composition 
effect depends only on the concentration of 
like isotopes, the.calculations are very 

-, simple and lead qualitatively to the same 
~ results. If the concentration of an isotope 
. is denoted by Cm, the separation factor is 


where the diffusion curve for Ni® is given 
i by 
B. c = Cs8(A) 


while the curve in Fig. 7 has a value of 
unity at approximately 27 per cent nickel, 
this figure varying slightly with the mass 
of the isotope. 


DISCUSSION OF RESULTS 


It has been found experimentally that 
the relative abundance of the several iso- 
topes of nickel is altered by diffusion 
into copper, and that the observed changes 
in isotopic constitution are best explained 
by assuming that the isotopes diffuse at 
rates inversely proportional to the square 
roots of their masses. This finding is not 
unexpected, for it is in agreement with the 
following generally accepted qualitative 
description of the diffusion process in 


‘solid metals. The diffusion coefficient may 


be considered to be the product of two 
factors, one representing the vibrational 
frequenty v of the atom—i.e., the fre- 
quency with which it approaches the energy 
barriers that interfere with its movement 
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to an adjacent lattice position—and the 
other a probability of its having sufficient 
energy to pass over this barrier. Thus 


eae 
D=Ave ®T 


The activation energy Q may be regarded 
as being principally a function of the 
valence electrons and is the same for all 
isotopes of a single element. The fre- 
quency term, however, may be regarded 
as proportional to the thermal frequency. 
If it is assumed that all atoms have the 
same energy content, the product of fre- 
quency squared and mass is constant and 


vm 


VM 


and hence 
, Q 
D= apes e RT 
V/M 
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J. Curepman.*—This is a very interesting 
piece of work and it is going to assume more 
significance as radioactive isotopes become 
available for metallurgical studies. The time 
is surely approaching when such isotopes will 
play a prominent part in metallurgical re- 
search; and now it is clear just how the results 

* Professor of Metallurgy, Massachusetts 


Institute of Technology, Cambridge, Massa- 
chusetts. 
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obtained with an isotope of a given mass can 
be interpreted in terms of an ordinary metal — 
of mixed masses. It might be well to point out 
too that these observations are obtained on a 
substitutional solid solution. It would be a 
matter of very great interest to determine 
whether or not the same relationships_ will 
hold where the solute atom occupies an 
interstitial position. It is to be hoped that 
at some future time carbon 14 may be available 
for such studies. 


G. Epmunps.*—I wonder if by this method 
we don’t actually separate the isotopes. 
Perhaps we get the separation by this means 
so that we do not need to have the separate 
isotopes to begin with. Is that true? 


W. A. JoHNson (author’s reply).—It is 
true that in many cases no separate isotope 
is required, since any difference in diffusion 
rate of the several isotopes can be evaluated 
from measurements on changes in isotopic 
ratios. This method would fail, however, 
when only one isotope exists naturally or 
where a single isotope greatly predominates. 
Even though ordinary carbon falls into the 
latter classification, containing about 99 per | 
cent carbon 12 and 1 per cent carbon 13, 
the ease with which it can be analyzed in the 
mass spectrometer suggests that the use of a 
separate isotope, as proposed by Dr. Chipman, 
would not be necessary. 

C, ZENER. }—I should like to ask a point of 
mathematics. Theoretically, how large a 
separation factor can you get as you go further 
out? Does it become greater? > 


W. A. Jounson.—On the copper side of 
the interface the separation factor for nickel 
will increase continuously from zero, ap- 
proaching infinity as the concentration ap- 
proaches zero. On the nickel side, the separation 
factor for nickel becomes negative and then 
increases, approaching zero as the concentra- 
tion approaches pure nickel. Diffusion in the 
solid state thus offers the possibility of sub- 
dividing the diffused material into fractions of 


* Research Laboratories, American Brake 
Shoe Co., Mahwah, New Jersey. 
+ Professor of Metallurgy, 


University of 
Chicago, Chicago, Illinois. 


fferent isotopic ratios. Diffusion in the gas 
uid state is usually attended by agitation, 
ich homogenizes the diffused material. 


|. CutpMAN.—I would like to ask Dr. 
hnson whether he has ever given thought 
the separation of isotopes in a solid metal 
thermal! diffusion—whether or not, say, a 
tal of mixed isotopic composition might be 
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partially separated by holding in a temperature 
gradient. 


W. A. Jounson.—My knowledge of thermal 
diffusion in gases is too slight for me to do 
more than guess that the absence of strong 
convection currents in the solid state would 
seriously interfere with thermal diffusion 
as a separation method, 
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Solubility of Carbon in Molten Copper 


By MicwaeEt B. Bever,* JUNIOR MEMBER, AND Cart F, FLozrf MemBer A.I.M.E. 


(New York Meeting, October 1945) 


Tue possibility that carbon may be 


soluble in copper to a limited extent has 


bcen recognized for over a century. The 
quantitative investigation of this problem, 
however, requires more sensitive techniques 
than have formerly been available. Three 
recent developments have made possible 
more accurate determinations: the vacuum- 
fusion method of analysis, the production 
of copper of high purity and the availability 
of high-purity refractories, particularly 
graphite. 

In addition to its obvious theoretical 
interest, the problem of carbon solubility 
in copper is of practical importance. In 
the production of copper and of high- 
copper alloys, carbonaceous covers are 
frequently used. If even minute amounts 
of carbon are dissolved, insoluble carbon 
oxide gases will be formed when such metals 
are poured under oxidizing conditions. 
A mechanism of this kind could well be 
one of the principal causes of gas porosity 
in casting copper-base products. 


REVIEW OF LITERATURE 


In 1823 Vivian! raised the question as 
to whether copper by overpoling becomes 
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cancelled. Issued as T.P. 1802 in MeErTats 
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“combined with a minute portion of 
carbon.’ Karsten? asserted, in 1832, 
that carbon reduces the high-temperature 
strength of pure copper, so that when the 
carbon content has reached o.2 per cent 
the metal will be brittle at a dark red heat. 
According to Karsten, carbon contents of 
0.05 per cent make it difficult to hot-work 
copper. He also reported that the specific 
gravity of copper is 8.8969 and that it 
increases to 8.9258 if the copper is cemented 
with carbon and then melted. He empha- 
sized the difficulty of determining analyti- 
cally the small amounts of carbon present 
in copper. The metal was removed by wet 
methods and the residue considered as — 
carbon. 

At Percy’s request, Dick,’ in 1856, 
carried out various working tests on 
copper that had been in prolonged contact- 
with carbon, and found that the working 
properties of the metal had not been 
affected. He also attempted to determine 
the presence of carbon analytically. In 
one experiment the copper was dissolved 
and the residue was fused with litharge, 
and in another essentially a combustion 
analysis was made on a copper sample. 
In a final experiment, a sample was dis- 
solved and the residue subsequently 
subjected to a combustion analysis. Indi- 
cations of as much as 0.005 per cent carbon 
were found, but Dick considered his work 
inconclusive largely because of the possible 
interference of sulphur. 

Percy* concluded, from Dick’s experi- 
ments and from some experimental work 
of his own, that the solubility of carbon in 
copper had not been established with 
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certainty but that a minute quantity 

probably is soluble. 

In 1873 Hampe® reported analyses of 
copper that in the molten state had been 
held in contact with carbon for long periods. 
His conclusion was that copper does not 
dissolve a trace of carbon. 

In 1904 Hempel® reported that copper 
that had been in contact with carbon 
“at a white heat” for one hour retained 

0.02 to 0.03 per cent carbon. His method 
of analysis consisted of dissolving the 
sample with aqua regia in a sealed tube 
and analyzing both the gases and the 
undissolved residue. 

In 1905 Moissan? found carbon on the 

surface of copper that had been super- 
- heated in contact with carbon. He reported 

a solubility of 1.60 per cent at the boiling 

point of copper. Work by Briner and 

-Senglet® on a metallographic determination 

of copper carbide is inconclusive. 
Ruff and Bergdahl? distilled copper in a 
small graphite crucible at various reduced 
_ pressures. They found a residue of “more 
or less macrocrystalline graphite” and 

considered this to be the carbon that had 
been in solution in the copper at the 
temperature of distillation. Results for 
three temperatures in the range of 221 a 
to 2300°C. were between 0.024 and 0.033 
_ per cent. 

In the discussion of a paper by Ellis” 
on gases in copper, Ziegler stated that 
~ a ‘‘copper-carbon constitutional diagram 

must exist although the amounts of carbon 
Ae may be expressed perhaps in ten-thou- 
- sandths of a per cent.” 

In a paper on the determination of 
oxygen in copper by the vacuum-fusion 
_ method, Musatti and Ziliani!! concluded 
_ from the literature that carbon is soluble 
in liquid copper. They implied that this 
was substantiated by the fact that they 
were able in a few minut:s to eliminate 
oxygen quantitatively from a copper 
sample melted in a graphite crucible. 
: This, however, cannot be considered 
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conclusive since the elimination of oxygen 
as carbon monoxide or dioxide could 
occur along the crucible walls by outward 
diffusion of the oxygen aided by convection 
currents in the metal. 

In an unpublished thesis, Leonard’? 
reported solubility values obtained by 
analyzing water-quenched samples of cop- 
per by the combustion method. His 
results indicated solubility of 0.003 to 
0.004 per cent throughout the range of 
1127° to 1650° C. without any marked 
effect of temperature. 

Smart, Smith and Phillips!® found that 
the physical properties of high-purity 
copper were not affected by contact of 
the molten metal with carbon. As Chipman 
pointed out in the discussion, this indicates 
that the solubility of carbon in solid 
copper probably is exceedingly small. 
He referred to Leonard’s positive results 
for liquid copper, which Hayward sug- 
gested may have been due to mechanically 
suspended graphite. Smart stated that 
mechanical inclusion would explain the 
failure of Leonard’s results to vary with 
temperature. 

In an investigation of the solubility of 
sulphur dioxide in molten copper, Floe 
and Chipman"! found indications that the 
OFHC copper used contained about 
0.0004 per cent carbon. They reported 
difficulties in removing the last. traces of 
carbon by oxidation. In the discussion of 
this paper, Skowronski pointed to the 
evidence that had’ been gradually accumu- 
lating in various laboratories to the effect 
that under certain conditions carbon may 
exist in copper. A. J. Phillips concurred 
with this and stated that ‘“‘there is no 
question whatever that a small amount 
of carbon is soluble, at least in liquid 
copper.” He felt that 0.003 per cent was 
too high, but that 0.0004 per cent was not 
surprising. He also mentioned that there 
is some evidence to prove that the smallest 


trace of oxygen will react with carbon in 


copper, thus removing it. 
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Murray and Ashley!® included a few 
analyses of carbon in copper in a paper 
dealing mainly with the determination of 
carbon in ferrous materials by the low- 
pressure combustion method. The copper 
samples were prepared by melting in 
graphite under nitrogen, but no informa- 
tion on temperatures or the method of 
quenching was given. Their results were 
0.0017 and 0.0020 per cent. 

Table 1 summarizes chronologically the 
published data on the solubility of carbon 
in copper. 


TABLE 1.—Chronological Summary of Data 
on the Solubility of Carbon in Copper 


Solubility of Carbon in Copper 


Date Author 
Temperature Per Cent 
1832 | Karsten 0.05-0.2 
1856 | Dick 0.005+ 
1861 | Percy : “Minute propor- 
tion” 
1873 | Hampe : Nil 
1904 | Hempel “White heat’’|o.02-0.03 
1905 | Moissan Boiling pt. of|1.60 
u 
ro19 | Ruff and 2215°C. 0.024 
Bergdahl (|2245°C. 0.025 
2300°C. 0.033 
1933 | Ziegler 0.0005 + 0.0004 
1939 | Leonard 1127°-1650°C.|0.003 
1942 | Floe and 0.0004 
Chipman? 
1944 | Murray and 0.0017—0.0020 


Ashley 


«Estimate not based on experimental work. 
b OFHC copper. 


EXPERIMENTAL METHODS 


The investigation reported here was 
carried out by preparing copper samples 
saturated with carbon at various tempera- 
tures. These samples were then analyzed 
by a modified vacuum fusion method. 


Preparation of Samples 


As the solubility of carbon in liquid 
copper is.small and decreases on cooling 
and solidification, the samples had to be 
prepared by rapid quenching from the 
saturation temperatures. Direct contact 
of the melt with air, water, steam and the 
oxides of carbon was undesirable. In 
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order to lessen the danger of mechanical 
inclusion of graphite, it was advisable 
not to pour the melt over graphite. 
Finally, a compact rod of about 3%-in. 
diameter was desirable, since such a shape 
could be used in the analytical procedure 
without extensive mechanical preparation. 
For these reasons, casting the metal into a 
chilled mold, quenching crucible and 
metal under water, or pouring the metal 
into water were not tried. The methods 
that were employed were (1) gas quenching, 
(2) a modified water quench in which 
the metal remained under a protective 
atmosphere, and (3) continuous bottom 
casting. 

Preparation by Gas Quenching.—The 
furnace used in making gas-quenched 
samples (Fig. 1) consisted of a vertical 
refractory tube. The crucible rested in 
the lower part of this tube and was heated 
by induction in an atmosphere of nitrogen. 
For quenching, the crucible was quickly 
raised into the upper, cool part of the 
tube and at the same time a large stream 
of nitrogen was flushed through the 
furnace. 

There was some doubt as to whether 
or not several of the early samples had 
been oxidized slightly by the oxygen 
present as an impurity in the tank nitrogen. 
Therefore, starting with sample No. 7, 
it was decided to purify the nitrogen by 
passing it over copper gauze at 500° to 
550°C. This purification process limited 
the flow of gas and raised its temperature, 
thus reducing the quenching rate. The 
crucibles and copper used and the method 
of temperature measurement are described 
under preparation of samples by water 
quenching. 

Preparation by Water Quenching —Sam- 
ples Nos. 13 to 30 were prepared by water 
quenching. The method used combined 
the fast quenching action of water and the 
protection of an inert atmosphere. A 
crucible (8 in. long and 3% in. in outside 
diameter) was suspended in a vertical 


ewe wana. 


WP STNG 


ons P TY eae i eal an 


MICHAEL B. BEVER AND CARL F. FLOE 


tube furnace through which a slow stream 
of nitrogen was passed. The crucible 
could be released so as to fall freely into 
a receptacle placed directly under the 
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A= SIGHTGLASS G*INDUCTIONCOIL 
B+ GAS INLETS H= REFRACTORY 

C = BRASS HEAD 1= GAS OUTLET 

D = FURNACE TUBE J= PRISM 

E= WIRE K= RELEASE PIN 

F = CRUCIBLE L= SHIELD 


M=QUENGHING BATH 


Fic. 1.—SCHEMATIC VIEW OF FURNACE FOR 
PREPARATION OF SAMPLES BY GAS QUENCHING. 


furnace tube, containing cold water to a 


depth of about 5}4 in. In quenching, 


the crucible came to rest while its top 
still projected inside the furnace and the 
metal was thus protected by the inert 
atmosphere. 

The quenching action seemed to be 
effective and the metal solidified in a few 
seconds. Moreover, the freezing process 


had the desirable characteristic of starting 


simultaneously along the entire surface of 


a 
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the sample, and thus tended to retain 
quantitatively any dissolved carbon. 

The details of the furnace are shown in 
Fig. 2. It consisted of an Alfrax tube D 
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Fic. 2—ScHEMATIC VIEW OF FURNACE FOR 
PREPARING SAMPLES BY WATER QUENCHING. 


(30 in. long, 134 in. outside diameter). 
A brass head C fitted tightly over the 
tube. It supported the pin on which the 
crucible F was suspended and had a tube 
connection B through which the nitrogen 
was introduced into the furnace. 

Starting with sample No. 18, prepurified 
nitrogen was used instead of purified 
tank nitrogen. Information received from 
the supplier indicated that the oxygen and 
hydrogen contents of this gas were less 
than 0.002 per cent. 
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The crucibles were machined from 
graphite rods of exceptional purity. Since 
they stood up well, only two were used in 
gas quenching and three in water quench- 
ing. One of the latter had been heated in 
vacuum at 800° to 1000°C. for about 14 hr. 
to drive off any contaminants, but it was 
considered unnecessary to treat the others 
in this manner. 

The copper used was special high-purity 
metal prepared by the method of Smart, 
Smith and Phillips.‘ The electrolytic 
sheets were cut into long strips, cleaned 
with 1:1 hydrochloric acid and charged 
to the crucible. Starting with run No. 13, 
the weight charged was increased to 4o to 
60 grams, which provided at least two 
samples for analysis. Samples No. 4 and 
No. 6 (gas quenched) were made by 
remelting continuously cast high-purity 
rod. 

Temperatures were measured by a Leeds 
and Northrup disappearing-filament py- 
rometer sighted on the surface of the bath 
through the prism J and the sight glass A 
in the furnace head. Since the metal bath 
occupied only a fraction of the total 
height of the crucible, particularly in 
’ water quenching, black-body conditions 
were approached. The pyrometer was 
calibrated against the melting point of 
copper. 

The charge was heated by induction. 
In order to raise the temperature above 
1550°C., it was found necessary to insert 
an alundum tube L as a radiation shield 
inside the furnace. No difficulty was then 
found in heating the melts to 1750°C. 
or higher with a power input of about 
12 kilovolt-amperes. 

. The procedure in making a run consisted 
of suspending crucible and charge by the 
molybdenum wire £ on the release pin 
K. Nitrogen was then turned on and 
allowed to flow freely out of the open end 
of the furnace tube. The power was then 
turned on and the metal melted and 
brought to temperature. After being held 
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at this temperature long enough to reach 
equilibrium, the crucible was dropped 
into the quenching bath by withdrawing 
the release pin. 

Most samples had fairly deep pipes and 
clean surfaces. They were machined _ to 
slightly over 3¢-in. diameter and a length 
of about 14 in. For instance, samples 154 
and 15B were machined from a cast 
diameter of 0.432 in. to a final diameter of 
0.397 in. Care was taken to reject metal 
from the region of the pipe by drilling, 
since any loose graphite particles were 
likely to have collected there. After 
machining, the samples were carefully 
cleaned in hot 1:1 hydrochloric acid. 
They were then weighed and were ready 
for analysis. 

Preparation by Continuous Casting.— 
The equipment described by Smart, 
Smith and Phillips!® was used for making 
samples by the continuous casting process. 
The only noteworthy change in procedure 
was the substitution of carbon monoxide 
for hydrogen in the pocket that protected 


the bottom of the crucible from oxidation. — 


However, 24 additional samples analyzed 
had been made with hydrogen, and no 
effect of the atmosphere in this pocket 
on the carbon contents of the rod was 
found. 


After the high-purity copper was melted — 


in the graphite crucible, it was brought 
to a constant temperature and held there 
for 20 to 30 min. Copper rod was then 
withdrawn through the water-cooled grapb- 
ite die in the crucible bottom. This con- 
stituted an effective quench. After a 
sufficient length of sample had _ been 
withdrawn, the rod was stopped in the 
die. The temperature of the bath was then 
changed and it was again held for 20 to 
30 min. at the new temperature before 
another sample was withdrawn. By re- 
peating this procedure, any desired number 
of samples saturated at different tempera- 
tures could be made in succession from the 
same bath. 
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The temperature was measured by in- 
serting a hollow graphite rod through the 
- top of the crucible to within approximately 
one inch of the die. A platinum platinum- 
rhodium thermocouple protected by a 
refractory tube was placed inside the 
graphite tube. By this method tempera- 


tures up to 1665°C. could be measured. 


Temperatures were also measured by sight- 
ing an optical pyrometer on the bottom of 
the hollow graphite rod. In run ‘A this 
_ optical method was only partly successful, 
- but in run B reliable measurements were 
- obtained. It was not known, however, how 
nearly the temperatures at the bottom of 
the hollow graphite rod represented the 
actual temperatures from which the copper 
was quenched in the die. It is possible 


quenching temperature and the measured 
temperature varied with the temperature 
level. 

Samples about 114 in. long were cut 
from the continuously cast rod, which had 
a diameter of 3g in. These samples as a 
rule were not machined further but were 
cleaned thoroughly by severe etching with 

acids. 


Method of Analysis 


The method by which the copper sam- 
ples were analyzed for carbon was based 
on. oxidation of the carbon to carbon 
monoxide or dioxide and a quantitative 
 deterraination of these gases. Three tech- 
niques were available for carrying this out: 
the classical combustion analysis for the 

determination of carbon in steel, the low- 

pressure combustion analysis and the 
_ classical vacuum-fusion method. The last 
named was chosen. This method had been 

developed for the determination of oxygen 

in steel. As mentioned earlier in this paper, 
 Musatti and Ziliani!! extended it success- 
* fully to the determination of oxygen in 
copper. Floe and Chipman" also used this 
method for the analysis of oxygen in 
pomper= These fusions were carried out 


that any difference between the actual _ 
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under reducing conditions in graphite 
crucibles. For the purposes of this investi- 
gation, it was necessary to substitute 
oxidizing conditions and oxide refractories. 
As far as the authors know, this is the 
first time that an oxidizing vacuum fusion 
has been used for analytical purposes. 

In principle, the method consists of 
introducing the sample under vacuum into 
a copper bath that has a fairly high oxygen 
concentration. As the sample fuses into the 
bath any carbon present forms gaseous 
oxides. These gases are removed, together 
with any other gases that may be evolved, 
and are analyzed. A simplified schematic 
diagram of the equipment used is shown 
in Fig. 3. Much information on details of 
construction is available in a paper by 
Chipman and Fontana.’ In adapting the 
available equipment to oxidizing fusions, 
a furnace was used from which carbo- 
naceous material and dust had been care- 
fully removed. The bath was held in a 
small alundum crucible D supported by 
magnesia packing E inside a larger alundum 
crucible C. 

At the start of a run, the bath consisted 
of copper weighing . approximately 60 
grams, to which 4 or 5 grams of cupric 
oxide had been added. The copper samples 
to be analyzed were placed ina glass head A 
from which they could be transferred into 
the funnel B by pushing a piece of iron 
with a magnet. The sleeve that guided the 
sample from the funnel head into the 
crucible was made of vitreous silica tubing. 

It was possible to load and manipulate 
six samples in each analytical run and to 
reload twice without renewing the copper 
bath in the crucible. After three runs, the 
crucible became nearly filled and usually 
showed signs of disintegration. The crucible 
and bath were then replaced. A metallo- 
graphic examination of several sections 
indicated that the copper baths even after 
use contained an ample supply of oxygen. 

To start a run, the system was first 
evacuated. The bath was then melted by 
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induction, brought to a temperature of 
approximately 1400°C., and held there for 
an hour or more in order to bake out any 
gases. The vacuum was read continuously 
with a thermocouple gauge. 
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* SAMPLE HOLDERS 
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volume J, which was formed by the pump 
on one side and the stopcock marked J on 
the other. An n-butyl phthalate manometer 
was attached to this volume and the pres- 
gure exerted by the gases could thus. be 
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Fic. 3.— SIMPLIFIED SCHEMATIC DIAGRAM OF EQUIPMENT FOR VACUUM FUSION ANALYSIS. 


After the baking out period, the power 
input was reduced until the temperature 
had fallen to about 1150°C. The amount 
of gas per unit time evolved at this tem- 
perature was measured in order to find the 
blank correction. The first sample was then 
introduced into the molten bath. 

The samples usually melted without 
difficulty in 1 to 3 min. Gases were evolved 
as soon as the sample began to fuse and in 
many instances fairly large bubbles were 
observed breaking through the surface of 
the bath. The gases were pumped out by 
two mercury pumps in series, which trans- 
ferred them to the analytical system. The 
gas content of most samples was evolved 
in 5 to ro min. and the furnace was then 
shut off from the analytical system. As a 
rule, the blank correction was measured 
again after each analysis. 

In the analytical system, the gases were 
moved: by another mercury pump into 


read. Since the phosphorus pentoxide tube 
was part of volume J, any water vapor 


present was immediately removed and the . 


original as well as subsequent pressure 
readings were on a dry basis. . 

After the original pressure had been 
measured, the gases were circulated over 
cupric oxide at about 300°C. and brought 
back to volume J. This oxidized any 
hydrogen present to water vapor, which 
was absorbed by the phosphorus pentoxide. 
The decrease in pressure in this step repre- 
sented the hydrogen that had escaped from 
the bath without oxidation. 

The gases were then passed through 


ascarite. The decrease in pressure corre- — 


sponded to the carbon dioxide present. 
Since the cupric oxide treatment oxidized 


the carbon monoxide as well as the hydro- — 


gen, the pressure change caused by passing 
the gases through ascarite was a measure 
of the total carbon in the gases. A special 
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treatment designed to absorb sulphur 
dioxide will be discussed later. 

None of the samples included in Tables 2 
and 3 contained hydrogen. It is believed 
that, owing to adsorption and desorption 
effects in the analytical system, the total 
gas evolved initially by a sample repre- 
sented the true amount of carbon gases 
more accurately than did the pressure de- 
crease following absorption in ascarite. The 
former values have been reported therefore 
in the tables. The difference between the 
two values, however, was never large. In 
the analysis of 24 additional samples made 
by. continuous casting with a hydrogen 
atmosphere protecting the crucible bottom, 
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hydrogen was found to be present. This 
was taken into account in arriving at the 
carbon values. 

The vacuum-fusion equipment was cali- 
brated by admitting a known volume of dry 
nitrogen and recording the corresponding 
pressure on the manometer. In this man- 
ner volume J was found to be 306 c.c. 
Negligible changes in this volume were 
caused by minor glass-blowing repairs and 
by the fact that the amount of phosphorus 
pentoxide in the absorption tube varied. 
Naughton and Uhlig?” have directed atten- 
tion to the effect of pressure and mercury- 
distillation rate on a volume in which a 
diffusion pump acts as cutoff. It is believed 


TABLE 2.—Carbon Content of Quenched Samples 


i 


Conditions of Satura- 


Results of Analysis 


tion 
Sample CO: Pressure Measured in Mm. of 
Nos Temper- Time, Sample Butyl Phthalate Garbont 
ature, Min. Run Weight, Per Cent 
Deg. C. Grams 


Total Blank Net 


2 I122 40 L 20.39 2.3 t<2 5 das 3 0.00008 
3 1550 ees 35 L 23.36 Tele? TA Teer 0.00077 
4 1550 31 L 17.63 9.3 r2 8.1 0.00070 
5 1269 60 L-2 14.60> 4.1 1.8 2.3 0.00024 
6 1269 65 L-2 20.94 1.8 ry o.I (0.00001) 
7 1097 60 M 26.72 2.8 r3 5 0.00009 
8 1098 30 M 19.43 BE SA "2.2 0.00017 
j 9 1095 60 M-3 25.32 2.1 tc I.0 0.00006 
to 1408 23 M-2 22.41 vy, 0.9 4.8 0.00033 
ime 1095 42 M-2 23.18 2.2 med. 0.8 0.00005 
I2 1460 35 M-3 25.64 6.3 Tan 5.2 0.00031 
aie aa 1240 17 N 23.65 4.8 ay / Beas 0.00020 
14Ab I125 43 N-r 17.22 1.5 0.8 0.7 0.00006 
r4Bt I125 43 O-2 22.25 3.4 I.2 2.2 0.00015 
15Ab 1450 30 N-I 19.05 Bie 1.2 Cape 0.00017 
15Bt I450 30 O-2 17.62 30 i Cs | 0.00023 
16A 1192 102 P-2 24.03 Ui aks b ie | 5.8 0.00037 
» 16B II92 102 P-3 24.17 Sia I.I 4.1 0.00026 
17A 1391 715 P-2) 20.26 5.1 I.I 4.0 0.00030 
17B-1 » 1391 75 P 9.76 2.8 5 | if 0.00027 
17B-2 TSO 75 P-3 10.98 2.6 Se Iie I.4 0.00020 
18A 1570 41 R-r 14.55 10.2 1.2 9.0 0.00095 
18B 1570 AI R-r 12.50 8.4 0.8 7.6 0.00093 
18C 1570 AI R-1 13.69 8.5 0.7 7.8 0.00087 
20Ab 1727 45 Ss I4.00 22.7 0.8 21.9 0.00239 
20Bt 17.27 45 Ss 18.01 290.5 0.8 28.7 pers 
21tAt T7350 120 S-1 16.06 34.4 1.2 3302 0.0031 
21Bb 1735 120 S-1 23.86 60.7 5 aa 59.6 0.00382 
26At 1516 33 rt 23.34 10.8 D6 9.2 0.00060 
26Bb 1516 33) 4p 22.69 10.6 1.9 8.7 0.00059 
27At 1516 90 ae 18.17 I4.9 2.8 12.1 0.00102 
27Bb 1516 90 oT 22.16 14.9 4.6 10.3 0.00071 
28At 1727 95 Ht! 20.94 AUs2 2.1 45.1 ance? 
28Bb 727, 95 oT 22.76 47.9 23 45.6 0.0030 
29At 1730 30 T-r 20.29 56.5 EA 52.8 WA 
29Bb 1730 30 T-1 23.16 39.3 25 37.2 Se 
30A 1275 30 U 20.57 STA, Bo al 0.0000 
30B 1275 30 U 17.93 5-5 4.3 TZ 0.00010 


oA “t"” after the symbol specifying the sample indicates that the sample was the top-section of the speci- 


men; ‘‘b"’ indicates the bottom section. 


A piece of presumably carbon-free tin was intro 


duced with copper sample. 
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that the maximum error due to all these 
causes was less than 5 per cent of the 
pressure readings. 

From the known volume, a correlation 
of pressure readings and carbon content 
of copper samples could be calculated. 
Based on a 1o-gram sample, a pressure 
reading of 10 mm. corresponded to 0.00153 
per cent of carbon. 


RESULTS OF EXPERIMENTAL WORK 


Table 2 lists the conditions of saturation 
and the results of the analyses of the gas- 
quenched and water-quenched samples. 
The stated time of saturation represents 
the period during which the sample was 
at the stated temperature. The sample 
actually was molten for a longer period, 
since at the beginning of a run the pyrome- 
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ter was calibrated by freezing and remelt- 
ing of the bath. This initial period for 
calibration and temperature. adjustment 
lasted 15 to 30 min. on the average. 

Table 3 lists the analyses of the samples 


_made by continuous casting. The sequence 


in which these samples were withdrawn 
from the furnace is indicated by thé first 
numeral in the symbol signifying each 
sample. The letter A indicates the first, 
the letter B the second run. 

Fig. 4 shows the carbon contents of the 
quenched samples as a function of tem- 
perature. Fig. 5 gives the same data for 
the continuously cast samples. The curves 
drawn to represent the results are identical 
in the two figures. Data shown in brackets 
in Tables 2 and 3 are not included in 
Figs. 4 and 5. 


TABLE 3.—Carbon Content of Samples Made by Continuous Casting 


Results of Analysis 


ee 


Sample | Temperature 
No. of Cate Soniple 
n ° . 

eit he a ee Weight, 
Grams 

A-2-1 1650 Q 16. 
A-2-2 1650 QO ake 
A-2-3 1650 Q-1 16.95 
A-3-1 1670 Q-r I5.090 
A-3-2 1670 Q-1 14.16 
A-3-3 1670 R 15.40 
A-3-4 1670 R TIC 
A-4-1 (1800)4 Q 15.95 
A-4-2 (1800)4 QO 14.81 
A-4-3 (1800)4 - 13.25 
A-4-4 (1800)4 16.44 
A-5-1 I515 Bt 13.08 
A-5-2 I515 -1I 15.09 
A-5-3 ‘1515 R 16.19 
A-6-1 1240 Q 17.47 
A-6-2 1240 Q 14.19 
A-6-3 1240 R 17.53 
A-7-1 1090 R 18.99 
B-1-1 1168 V 18.04 
B-2-1 1607 V 18.32 
B-2-2 1607 V-1 18.53 
B-3-1 1608 V-1 17.27 
B-3-2 1608 V-2 17.82 
B-4-1 1797 Vv 19.08 
B-4-2 1797 V-1 16.99 
B-4-3 1797 V-2 20.03 
B-5-1 1530 V-r 16.15 
B-5-2 1530 V-2 16.58 
B-5-3 1530 V-2 19.09 
B-6-1 1147 Vv 18.54 
B-6-2 I147 V-2 15.84 


CO: Pressure Measured in Mm. of Butyl 


Phthalate Cartece 
Per Cent 
Total Blank Net 

24.4 1.9 22.5 0.00209 
2452 L5 2227 0.00219 
23.8 1.4 22.4 0.00202 
27.6 Lint 26.4 0.00268 
24.5 T22 23.3 0.00252 
32.8 1.6 31 12 0.00310 
36.1 1.0 35.1 0.00314 
75.7 2.5 73.2 0.00702 
72.0 3.0 69.0 0.00712 
60.4 EN) 59.2 0.00684 

52.6 0.8 51.8 (0.00482) 
var. 8 1.2 6N2 0.00073 
9.1 1.6 b fess 0.00076 
8.4 0.4 8.0 0.00076 
7 1.8 0.9 0.00008 
4.0 1.8 2.8 0.00030 
2.8 0.8 2.0 0.00017 
3.2 0.8 2.4 0.00019 
5.8 ei) 3.5 0.00030 
22.9 2.0 20.9 0.00175 
20.8 1.8 19.0 0.00157 
35.0 ay 32.3 0.00286 
34.0 1.7 32.3 0.00277 
64.1 2.5 61.6 0.00494 
64.0 1.9 62.1 0.00559°¢ 
81.3 tae 79.5 0.00608¢ 
6.9 3 5.6 0.00053 
DE. 2.5 9.0 0.00083 
II.o0 1.6 9.4 0.00075 
6.2 ee 4.0 0.00033 
3.6 <9 Nina f 0.00016 


J A a oh eee ee eee IS ee ee 
* Estimated temperature. 


+ Time of analysis (34¢ min.) was insufficient. 
¢ Followed by very large blank. 
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Discussion OF METHODS AND RESULTS 


Preparation of Samples 


The carbon contents of the solidified 
samples represented equilibrium values 
only if the following conditions were ful- 
filled: (1) the liquid bath had to be satu- 
rated with carbon, (2) this saturation 
amount had to be retained quantitatively 
in the sample during quenching, and (3) the 
sample had to remain free of mechanically 
included carbonaceous matter. 

The period at which the gas and water- 
quenched samples were held at the satu- 
ration temperature was believed to be long 
enough to reach equilibrium. In addition, 
several samples were prepared in which 
saturation was accomplished by first super- 
heating and then cooling down to the 
equilibrium temperature. All samples pre- 
pared in this way had large irregular pipes, 
were difficult to clean and gave erratic 
carbon results. In general these results 
were not as low as expected for the final 
saturation temperature, although some 
were appreciably lower than the probable 
carbon content for the temperature of 
superheating. 

During analysis, the behavior of the 
samples prepared by superheating was 
different from that of the regular samples. 
While the gases evolved completely from 
the latter in 5 to ro min., the superheated 
samples tended to give off gas slowly for 
protracted periods. Perhaps this may be 
explained by a difference in particle size 
in the precipitated carbon quenched from 
a solution and carbon particles rejected by 
supersaturation before quenching. Carbon 
dissolved at the superheating temperature 
was rejected as the temperature was 
lowered and may have grown into rela- 
tively large aggregates. Some of these may 
have been entrapped in the metal, thus 
giving the high results. During the analysis 
they may have reacted with the oxygen 
of the bath slowly compared with the 
oxidation of the dissolved carbon, which 
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was finely and uniformly distributed 
throughout the sample. 

A sample prepared by superheating at 
1790°C., followed by cooling slowly to 
solidification and then reheating to 1247°C. 
for 60 min., gave results higher than ex- 
pected for the latter temperature, but 
much lower than expected for the tem- 
perature of superheating. Apparently the 
slow cooling and solidification eliminated 
most of the supersaturated carbon. 

In the continuous casting process the 
equilibrium temperature was reached from 
both sides. The samples in run A repre- 
sented a sequence of temperatures in- 
creasing from 1650° to about 1800°C. and 
then dropping to 1515°, 1240° and 10g90°C. 
In run B the temperature sequence was 
1168°, 1607°, 1698°, 1797°, 1530° and 
1147°C. All of these samples gave results 
that indicated that the carbon dissolved 
at the high temperature was eliminated 
from the bath on cooling. This is shown in 
Table 3, in which the record of the samples 
that had been heated in contact with 
graphite at 1800°C. shows the carbon 
contents probable for the final temperature 
at which they were withdrawn from the 
bath. This proves that the continuous 
casting process led to saturation of these 
samples with carbon. 

No direct method was available for 
checking the effectiveness of the quench as 
such. However, the agreement between the 
carbon contents of the quenched and of the 
continuously cast samples (Figs. 4 and 5s) 
indicates the probability that both pro- 
cedures retained the saturation values. 

Aside from failure to saturate and quench 
the melts effectively, negative errors in 
carbon content could be caused by oxida- 
tion of the samples. As mentioned earlier 
in the paper, A. J. Phillips has called atten- 
tion to the fact that the smallest trace of 
oxygen will remove carbon from molten 
copper. A few of the samples first made 
seemed te show some signs of superficial 
oxidation, which may have caused low 
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carbon values in some instances. However, 
it is felt that the use of prepurified nitrogen 
eliminated this source of error. 

Positive errors in carbon contents could 
have been caused by inclusion of mechani- 
cally entrapped graphite. Actually this 
danger is not great if suitable precautions 
are taken, because of the high surface 
tension of liquid copper, which tends to 
repel graphite. The carbon contents of 
the quenched and of the continuously cast 
samples (Tables 2 and 3) are thus con- 
sidered to be free from major errors caused 
by mechanically entrapped graphite. 

The measurement of temperature was a 
possible source of error in preparing the 
samples. Optical pyrometer readings. be- 
come less reliable the farther removed the 
observed temperature is from the cali- 
bration temperature. The temperature 
readings above 1500°C., and especially 
above 1700°C., may therefore have been 
in error by significant amounts. The 
inaccuracy of the temperature measure- 
ment is thus greatest in the region in 
which the absolute effect of temperature 
on solubility values is also greatest. 


Method of Analysis 


In order to test the method of analysis, 
copper samples known to be free of carbon 
were analyzed. High-purity electrolytic 


sheet was first used, and gave carbon 


indications of 0.00012 to 0.00069 per cent. 
These indications, however, were fallacious, 


and can be explained by the fact that the 


copper had been deposited in an electrolyte 
containing nitrate and chloride ions. Any 


occluded electrolyte would vaporize imme- 


diately in the vacuum fusion and the 
resultant volatile acidic constituents would 
be absorbed by ascarite and thus give the 
same indication as carbon dioxide. It 
was noticed that the gases were evolved 
unusually quickly in these analyses. 

- In a second test, electrolytic copper was 
first melted in an alundum crucible under 
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vacuum, in order to eliminate any occluded 
electrolyte. Copper thus prepared was 
satisfactory and gave no indications of 
carbon, 

The analytical method as such was also 
investigated by analyzing 24 samples of 
continuously cast copper rod. Presumably 
these had been saturated with carbon at a 
uniform temperature, but this temperature 
was known only approximately to have 
been 1400° to 1500°C. The carbon content 
of the last eight of these samples averaged 
o.c0081 per cent with a small deviation 
while the average of all 24 samples was 
slightly higher. Since these samples repre- 
sented a considerable length of copper rod, 
it is likely that they were not all made at 
the same temperature, and a corresponding 
spread in carbon content is not surprising. 
Because of this uncertainty in the tempera- 
ture of saturation, these data were not 
included in Table 3 or Fig. 5; but, assuming 
a temperature of 1450°C., they are in 
reasonable agreement with the curve in 
Fig. 5. The main significance of these 
analyses lies in the fact that variations 
in the conditions of the analysis were found 
not to have any effect on the results. 
No correlation between such factors as 
time or temperature of analysis, or size 
of blank and the carbon contents could be 
found. 

While the continuously cast rods were 
not machined as a rule, 4,9 in. was re- 
moved from the diameter of two and 
0.050 in. from that of one of the 24 samples 
mentioned. This was done in order to 
investigate whether the carbon concen- 
trated in the surface layer of the rods. A 
comparison of the analyses of these three 
samples with the others in this group shows 
no tendency of the carbon to concentrate 
near the surface. 

The chemical identification of carbon 
in the analysis was by the absorption of 
carbon dioxide in ascarite. The ascarite 
as a basic reagent would absorb any 
acidic gases as well as water vapor. The 
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only interfering constituents likely to be 
evolved were the volatile oxides of certain 
elements that may have been present as 
impurities. 

Smart, Smith and Phillips’ have reported 
the impurity limits in their continuously 
cast rods. The same limits probably apply 
to the rods analyzed in this investigation, 
and they are at least a guide for the 
quenched samples that were made with the 
same types of materials. The elements to 
be considered are arsenic, selenium and 
sulphur. If they were present in the 
maximum amounts stated by Smart, Smith 
and Phillips,’ a carbon equivalent of 
0.000069 per cent would have to be 
deducted. This is only a minor fraction of 
all but the lowest values in Tables 2 and 3. 

It is questionable whether the conditions 
of the analysis actually allowed any 
interference by the oxides of selenium 
and arsenic. Sulphur, however, could 
interfere as the dioxide, or possibly the 
trioxide. Moreover, sulphur was the only 
element at all likely to be present in 
amounts larger than the limits set by 
Smart, Smith and Phillips, especially if 
the quality of the graphite used for 
crucibles was inferior. However, as men- 
tioned before, one crucible used for water- 
quenched samples was heated in vacuum 


and showed no effect on the results 
obtained. 
Another means of eliminating any 


possible interference by sulphur was the 
selective absorption of the dioxide. The 
most promising suitable reagent was lead 
peroxide, which Bright and Lundell!’ have 
used at atmospheric pressure. They found 
that some carbon dioxide would be 
absorbed at 100°C. also, but that raising 
the temperature to about 250°C. pre- 
vented this loss. The U-tube containing 
the reagent prepared according to their 
instructions was surrounded therefore by 
a small resistance furnace. In testing the 
effectiveness of the lead peroxide as an 
absorbing reagent, small amounts of 
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commercial sulphur dioxide were admitted 
to the system. The absorption was found 
not to be quantitative but to vary from 
15 to 75 per cent of the gas admitted. 
Some samples were prepared by melting a 
copper capsule made from continuously 
cast copper rod and containing an amount 
of copper sulphide calculated to introduce 
0.1 per cent sulphur to the melt. When 
samples of this material were analyzed 
they gave off gases for more than 14 hr. 
A partial absorption of 50 per cent or 
more took place when these gases were 
passed through the lead peroxide reagent. 

It was concluded from these experiments 
that if any sulphur dioxide had been 
present in the gases evolved by the regular 
carbon samples, the lead peroxide reagent 
would have indicated its presence at least 
qualitatively. The lead peroxide treatment 
was used in a fairly large number of 
analyses but no indication of sulphur 
dioxide was found. 

The analytical conditions were not 
favorable for the formation of any large 
fraction of sulphur trioxide. Although 
ironized asbestos was used as an absorbent 
for this gas in many analyses, it failed 
to have any effect on the results. 

As an incidental result of these experi- 
ments, it was thus shown that an oxidizing 
vacuum fusion is not a suitable method 
of analysis for sulphur in copper, since the 
large solubility of sulphur dioxide in 
copper! causes an excessively long time of 
gas evolution. 

In evaluating the over-all accuracy: of 
the analytical method, the blank correction 
must be considered. It is a relatively minor 
factor for carbon contents exceeding about 


.0.0008 per cent, but causes some uncer- 


tainty in the lower values. 


SUMMARY AND CONCLUSIONS 


The solubility of carbon in molten 
copper has been found to vary from about 
0.0001 per cent at 1100°C. to 0.003 per 
cent at 1700°C. 
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Carbon dissolved even in these very 
small amounts can be one of the major 
causes of gas porosity in copper and 
; copper-base alloys. For example, at 1200°C. 
__ the equilibrium solubility in too grams of 
copper is sufficient to form about 0.25 c.c. 
(STP) of carbon monoxide or dioxide if 
all the carbon becomes oxidized. This is 
equivalent to more than one cubic centi- 
meter at the freezing point of copper. 
While this is a considerably smaller gas 
volume than the hydrogen solubility’® at 
the same temperature, an important 
difference lies in the fact that the carbon 
__ oxide gases are practically insoluble*® and 
therefore are evolved as fast as they are 
formed by oxidation of the dissolved 
carbon. 

Preliminary work on the solubility of 
carbon in tin bronzes shows values approxi- 
mately the same as those for pure copper, 
so that the conclusions given above are in 
general applicable to these alloys. 
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DISCUSSION 
(S. Skowronski presiding) 


J. S. Smart, Jr.*—The paper that has just 
been presented to this group is truly an ex- 
cellent contribution to the metallurgical litera- 
ture. It is the type of workmanlike job that 
commands the respect and applause of every 
laboratory worker. But there is much in this 
work that will eventually reach the practical _ 
operator, for the real, application of these find- 


ings will be classified under the subject “Gases 


in Metals.” Everyone concerned with the 
casting of copper and copper-base alloys 
knows the importance of the complex gaseous 
reaction products that accompany the pour- 
ing, cooling and freezing processes. Until 
very recently the role of carbon in this collec- 
tion of trouble makers hasbeen given little if 
any consideration. 

Several years ago Bolton and Smith re- 
ported serious losses of physical properties in 
bronze castings poured from metal that had 
been melted several times in an arc furnace. 
The difficulty was overcome by admitting 
air to the furnace during the melting period, 


* American Smelting and Refining @oz 
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and the circumstances strongly suggest that 
carbon was the offender. It should be recog- 
nized that large volumes of gases are not 
necessary to obtain significant damage to 
properties. Rather, it is the mode of distri- 
bution of the porosity that may be the deter- 
mining factor, and this can be related to the 
mechanism of its formation. For instance, 
fairly good properties are often obtained from 
castings exhibiting a large number of spherical 
pores distributed at random, while speci- 
mens that appear to be much sounder suffer 
drastic losses of tensile strength, and particu- 
larly elongation, if the gases are preferentially 
located in the grain-boundary regions. Con- 
sequently, while the volumes of carbonaceous 
gases may be considerably smaller than those 
of hydrogen, their effects should not be lightly 
regarded. 

We are indebted to Professors Bever and 
Floe for a set of very useful data, which un- 
doubtedly will lend considerable assistance to 
the search for complete understanding of the 
behavior of gases in metals. 


_F. N. Rutnes.*—The painstaking study 
applied by the authors to this very difficult 
investigation, as well as the apparently self- 
consistent quality of the results, inspires such 
confidence in their reliability as to prompt 
speculation on the nature of the phase diagram 
of the Cu-C system. Several recent investiga- 
tions have shown that dry CO, free from Hg, 
will not produce the effect known as “‘hydro- 
gen embrittlement” in tough-pitch copper, 
as would be expected if carbon monoxide 
diffused readily in solid copper. This has been 
interpreted to mean that the solubility of 
carbon in solid copper must be exceedingly 
small. Since oxygen, which is soluble to the 
extent of only a few thousandths of a per 
cent in solid copper, diffuses, rapidly, it may 
be surmised that the solid solubility of carbon 
is very much lower, perhaps millionths of a 
per cent. 

If this is true it would appear to indicate 
that the Cu-C system is of the eutectic type 
with the eutectic point lying near 0.0001 per 
cent of carbon and probably a small portion 
of a degree: below the melting point of pure 


* Carnegie Institute of Technology, Pitts- 
burgh, Pennsylvania. 
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copper. The alternative is that this is a system 
of the peritectic type, in which case the solu- 
bility of carbon in solid copper must be as 
large as, or larger than, the solubility in the 
liquid at the melting point. Perhaps some of 
the data in possession of the authors can 
be used to distinguish between the eutectic 
and peritectic possibilities on this basis. 


G. P. HALLIwELL.*—I want to compliment 
the authors on this excellent piece of 
work. Probably its significance and its prac- 
tical application are not fully realized. 

At the present time, the Non-Ferrous Ingot 
Metals Institute is fostering a research at 
Battelle under the direction of Dr. Lorig, 
studying the various factors that influence 
the mechanical properties of a test bar. The 
alloy used is 85-5-5-5; that is, 85 per cent 
copper and 5 per cent each of tin, lead and 
zinc. 

In a semiquantitative way, the investiga- 
tors have obtained evidence on a commercial 
basis that may be explained by the results 
obtained in the paper under discussion. Metal 
melted in a high-frequency furnace with a 
siliceous lining gives slightly better results 
than when a clay-graphite lining is used. Per- 
haps Dr. Lorig would wish to comment on 
this. 


C. H. Loric.t—I have little to add to what 
Dr. Halliwell said except to state that there is 
some indication that the ductility of alloys of 
the 85-5-5-5 type prepared in a clay-graphite 
crucible is inferior to that of the alloys pre- 
pared in a silica crucible. The cause for the 
inferiority of the alloys prepared in the clay- 
graphite crucible has not been fully investi- 
gated, though there are strong indications 
that it is largely tied in with the mode of 
distribution of the porosity and the size and 
mode of distribution of the lead particles, 
While some early indications lead to the view 
that carbon in solution may be a minor in- 
fluence in lowering the ductility of melts 
prepared in.a clay-graphite crucible, further 
analysis of additional melts would be required 
to lend support to this view. 


* H. Kramer and Co., Chicago, Illinois. 
"5 A Battelle Memorial Institute, Columbus, 
io. 
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DISCUSSION 


B. H. ALExANDER.*—The authors have 
pointed out that one of the most logical sources 
of error is in the analytical part of the vacuum- 
fusion apparatus, and more especially in the 
blank correction. Anyone who has done work 
with the vacuum-fusion apparatus can realize 
the difficulties involved. I have two questions: 

1. Did the authors analyze the blank gases 
in any case? 

2. Did they check the analytical method by 
introducing synthetic mixtures of gases of the 
composition expected? 


F. R. Henser.{—I should like to mention 
one observation that we have made in the melt- 
ing of special copper alloys of the age-hard- 
ening type, containing such elements as nickel 
and cobalt and beryllium. We have noticed 
that under some melting conditions, particu- 
larly if the metal is overheated and kept at a 
high temperature, the material after age- 
hardening has very erratic tensile properties 
and practically no elongation. When the ma- 
terial is fractured, it has a typical acetylene 
smell. 

We were sure that the presence of carbon was 
responsible for the formation of beryllium 
carbides that interfered with the age-hardening 
characteristics of the alloys. 

We also found that alloys containing nickel 
silicides instead of beryllides behaved in a 
similar manner. The curves on the solubility 
of carbon may throw some light on this 
phenomenon. 

We did not approach such temperatures as 
1700°C., but we were working in the range of 
temperatures of 1300° to 1450° in order to 
dissolve special hardeners in the melt. 


We believe that the surrounding gases during . 


the melting operation have a definite effect on 
this carbon pickup. Additional work on this 
phenomenon would be of considerable interest. 


P. A. Brcx.{—With reference to Dr. 


“Hensel’s remarks, I can say that in beryllium 


copper carbon is present in the form of beryl- 
lium carbide. This compound readily forms at 
very high temperatures, such as those obtaining 
in the electric-arc furnace, but the rate of its 


* Carnegie Institute of T echnology, Pitts- 
burgh, Pennsylvania. 
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formation appears to be negligible at ordinary 
melting temperatures. 

I do not believe that the low elongation after 
hardening was due to the beryllium carbide. 


M. B. Bever and C. F. Fror (authors’ 
reply).—The authors are grateful for the dis- 
cussions submitted and value particularly the 
confirmation of their belief that carbon in 
copper and copper-base alloys may be a major 
source of porosity in the commercial production 
of these materials. It is, of course, desirable to 
extend the investigation of the solubility of 
carbon to copper-base alloys, and such work is 
now under way. ~ 

Dr. Rhines raised the very interesting ques- 
tion of the probable copper-carbon phase 
diagram. No direct experimental observations 
are available that make it possible to decide 
whether or not this system is of the peritectic or 
eutectic type. However, Baukloh and Springo- 
rum#! found that carbon does not diffuse 
through solid copper and concluded that the 
solubility must be exceedingly small. This sug- 
gests that the copper-carbon diagram is of the 
eutectic type. 

In reply to Mr. Alexander’s questions about 
the method of analysis, many blanks were 
analyzed and found to consist essentially of 
carbon dioxide. The net carbon dioxide value, 
therefore, was determined by subtracting the 
blank from the total carbon dioxide. As to 
checks of the analytical method, no gas mixtures 
were employed but tank sulphur dioxide and 
sulphur-bearing copper were used to test the 
effectiveness of the lead peroxide as an absorb- 
ent. In a limited sense the calibration with 
nitrogen also involved a check of the analytical 
method. 

The oxidizing vacuum-fusion analysis has 
promise for the determination of small amounts 
of carbon in ferrous materials. A study of this 
subject is planned. In this application a com- 
parison will be possible between analyses of 
identical samples by vacuum fusion and by the 
classical combustion method. 

In conclusion, it should be stressed that the 
minute amounts of carbon in copper probably 
do not directly affect the physical or mechani- 
cal properties to a measurable degree. The 
important potential effect results from the 
formation of insoluble carbonaceous gases if 
the copper is exposed to oxidizing conditions. 


21 Ztsch. anorg. allg. Chem. (1937) 230 315. 


Effect of Phosphorus, Arsenic, Sulphur and ‘Séleniuni on Some 
Properties of High-purity Copper 


By J. S. Smart, Jr.* anp A. A. Siro, Jr.* Mempers A.I.M.E. 
(New York Meeting, October 1945) 


TuE controlled amounts of phosphorus, 
arsenic, sulphur or sclenium found in 
commercial coppers perform a variety of 
highly useful functions. Indeed, a large 
segment of modern copper technology is 
essentially dependent upon the presence of 
one or more of these elements. Conse- 
quently, the literature contains many 
references to their effects but the scope is 
broad and has been only partly covered. 
New data are presented herewith directed 
toward a better understanding of the basic 
behavior of these elements in copper, with 
particular emphasis on the composition 
range o to 0.05 per cent. 

These data are a part of a general 
program of research on the effects of 
impurities on the properties of oxygen- 
bearing and oxygen-free copper, other 
portions of which have been reported 
previously.':3 Schematically, the behavior 
of individual elements is determined from 
measurements of conductivity and soften- 
ing temperature,’? and the binary alloys 
employed are synthesized from high- 
purity copper in order to eliminate inter- 
ference from the effects of extraneous 
impurities. Alloys of selected composition 
were first prepared in the oxygen-free form 
by continuously casting the melts in the 


Manuscript received at the office of the 
Institute Dec. 12, 1944. Listed for New York 
Meeting, February 1945, which was canceled. 
Issued as T.P. 1807 in Mretats TECHNOLOGY, 
September 1945. 

* Central Research Laboratory, American 
Smelting and Refining Company, Barber, New 
Jersey. 

1 References are at the end of the paper. 


form of 3g-in. diameter rod. Oxygen was 
added subsequently to portions of the 
alloys, cither by remelting or by diffusion 
at 850°C. from a surface scale. 

Test wires were drawn one B. and S. 
number per pass, using four 30-min. 
600°C. anneals at 0.3125, 0.257, 0.204 
and 0.162 in., and a final cold reduction of 
75 per cent to o.o8: in. Oxygen-bearing 
slugs made by remelting were hot-rolled 
to 54, in., drawn to 0.162 in., annealed for 


30 min. at 600°C. and cold-drawn 75 — 


per cent to 0.081 inch. 

The alloys containing phosphorus, hav- 
ing been compounded very early in the 
program, were prepared in the form of 
546-in. rod, and processed to wire with 
only the last three intermediate anneals 
listed above, all of these having been 
conducted in commercial nitrogen. In 
addition, the conductivity anneals on 
these alloys were also performed in the 


same atmosphere, and the small amount of 


oxygen present as an impurity in the gas 
resulted in some loss of accuracy at tem- 
peratures of 700° to 800°C., as will be 
shown Jater. Subsequently, the anneals for 
all oxygen-free alloys were conducted in 
hydrogen to prevent oxidation, and purified 
nitrogen was employed only for oxygen- 
bearing samples. All conductivity anneals 
were of one hour duration followed by a 
rapid quench in ro per cent H»,SO,. 


EFFECT OF PHOSPHORUS 


The widespread use of phosphorus as a 
deoxidant has resulted in universal appreci- 
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ation of the properties of the phosphorized 
coppers. Much of this information, acquired 
as a matter of commercial necessity, has 
never been published, but it is common 
knowledge that additions of phosphorus 
produce rapid and efficient deoxidation. 
If an excess of phosphorus is present over 
the amount needed to combine with the 
oxygen content, the residual quantity 
enters solid solution, causing, among other 
results, appreciable losses of conductivity. 
While most phosphorus-deoxidized com- 
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the previous work and carried out a 
comprehensive test program on alloys 
containing from 0.014 to 0.950 per cent P. 
Their conductivity data adequately cover 
the higher composition range but not the 
the lower range of greatest interest. Skow- 
ronski’s earlier measurements® are more 
applicable to commercial usage. Hanson, 
Archbutt and Ford also recognized and 
measured the large increase in softening 
temperature that attends the addition of 
phosphorus. 


TABLE 1.—Alloys of Phosphorus and Pure Copper 


Conductivity, Per Cent I.A.C.S., Annealed at Softening 

Sample 1 Oz, Hard Temper- 
No. Per Cent}Per Cent] Drawn ature, 
300°C 400°C. | 500°C. | 600°C. | 700°C. | 800°C. Deg. C. 
32M Nil Nil 100.05 | 102.3 102.3 To203 T02),.45) || 102).3 102.25 I40 
23M 0.0002 Nil 100.05 | 102.05 | 102.1 102.2 102.2 102.25 || 102.2 182 
24M 0.0008 Nil 99.55 | 101.7 ror.8 101.8 1or.8 Ior.75 | 101.8 228 
18M 0.00IT Nil 99.3 IOI.4 IOI.4 IOI.5 IOI.55 | I0r.5 101.6 238 
17M 0.0059 Nil 96.35 97.0 97.95 98.0 98.1 98.3 98.45 289 
30M 0.020 Nil 88.85 88.85 89.65 89.65 89.65 89.9 89.95 311 
32Mo Nil Se 100.0 102.25 | 102.3 102.3 102.4 102.3 102.3 145 
23Mo | 0.0002 Ss 99.85 | 102.3 102.35 | 102.3 102.3 102.35 | 102.3 140 
24Mo 0.0008 S) 100.0 102.3 102.35 | 102.4 102.35 | 102.3 102.3 146 
18Mo 0,00IL Ss 99.95 | 102.2 102.3 102.35 | 102.2 102,25 | 102.3 I45 
17Mo 0.0059 Ss 85) | 102-2 102.2 102.2 102.2 102.2 102.1 140 
30Mo | 0.020 Ss 100.2 IOI.9 102.0 102.05 | 102.0 102.0 102.0 133 


* Denotes saturation with oxygen by diffusion at 850°C. 


mercial electrolytic coppers contain only 
0.005 to 0.02 per cent P, there are at 
least three distinct types produced on a 
large-scale basis today: (1) the product 
containing substantially all of the phos- 


_ phorus in solid solution, which is practically 


free from oxides of phosphorus, and in 
which all of the phosphorus content is 
available for lowering the conductivity, 
etc.; (2) the form in which part of the 
total phosphorus content is present in an 
oxidized condition, and the residual amount 
has a significant influence upon the 
conductivity and other properties, and, 


(3) the type in which the phosphorus 


and oxygen contents have been so judi- 
ciously balanced that the residual phos- 
phorus content is too small to have more 
than a very minor effect.on conductivity. 
Hanson, Archbutt and Ford‘ reviewed 


In preparing the present samples by 
synthesis, some deviations in the intended 
compositions were encountered, owing to 
an apparent capacity for graphite to 
absorb phosphorus and then to release it 
during subsequent use. Consequently, the 
analyses listed in Table 1 are of chemical 
origin. Samples from both ends. of each 
length of rod were found to be uniform. 

The conductivities of the oxygen-free 
alloys are not uniform over the entire 
annealing range, as would be expected of 
solid solutions (Table 1). However, the low 

" yalues obtained from the 300°C. treatment 
can be readily demonstrated to be due to - 
incomplete annealing, and the high values 
occurring at 700° and 800°C. represent 
partial loss of soluble phosphorus by the 
formation of an insoluble oxide. As 
mentioned above, these errors were derived 
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from the use of an impure nitrogen atmos- 
phere, which permitted diffusion of oxygen 
into the test wires. 

Fig. 1 presents the values representative 
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the volatility of this compound with the 
fact that the oxide can exist at high 
temperatures for reasonable periods of 
time, but, whatever its composition, it 


104 320 
102 =| ptt tte alata 300 
100 O Sesh 280 
ae ° Oxyger-Tree alloys © 
= 98F ° Onan -bearing alloys irs ia 
= x Skowronski (Conduciniy is 405 
—€ % 2 
594 ie 
£97 200 - 
as) 0: 
S88 is} 
86 140 
84 120 


0.001 


Phosphorus, per cent 
Fic. 1.—ALLOYS OF PURE COPPER AND PHOSPHORUS. 


of the 500°C. anneals, together with the 
applicable data of the earlier work referred 
to. Phosphorus drastically lowers the 
conductivity and follows the general rule 
that the first additions have the largest 
effect. Up to at least 0.0059 per cent P 
each, 0.001 per cent lowers the conductivity 
0.73 per cent I.A.C.S. This diminishes to 
an average of 0.63 per cent at 0.02 per 
cent P. In addition, the concomitant 
increases in softening temperature are of 
equally large order. For instance, normal 
phosphorized coppers containing 0.02 per 
cent P have a resistance to softening 
roughly equivalent to tough-pitch coppers 
containing ro oz. per ton Ag. 

As would be expected of a good deoxidant, 
phosphorus is completely converted to an 
insoluble oxide upon addition of the 
requisite amount of oxygen. and the very 
minor losses of conductivity that are 
_ noted for such alloys may be attributed 
to the volume occupied by the precipitated 
compound. The identity of the oxide 
formed has never been completely con- 
firmed, but has been considered by many to 
be P.O. It is somewhat difficult to reconcile 


probably contains a large proportion of 
oxygen. During the preparation of the 
oxygen-bearing samples by diffusion at 
850°C. it was found that although an 
18-hr. soak is more than adequate to 
saturate pure copper, the time necessary 
for a 54¢-in. rod containing 0.02 per cent 
P is between 144 and 240 hours. 


EFFECT OF ARSENIC 


The numerous investigations of the 
arsenical coppers have been compre- 
hensively reviewed and discussed by 
Gregg.® Quite naturally, many of the data 
relate to concentrations higher than those 
considered here. Hanson and Marryat’® 
and others have studied the commercial 
alloy range and have concluded that 
coppers containing 1 per cent As or more, 
together with normal amounts of oxygen. 
contain a slate-blue constituent different 
in appearance from Cu.0. Smailer amounts 
of arsenic modify the Cu-Cu,0 eutectic, 
causing the familiar lamellar structure to 
become spheroidized with increasing arsenic 
content. Despite these evidences of reaction 
between arsenic and oxygen, Hanson and 


mur ed 


» Herder eecsinlanticilae 


= 


— 


J. S. SMART, JR. AND A. A. SMITH, JR. 


Marrvat concluded that small amounts of 
oxygen do not combine with arsenic to any 
appreciable extent if the arsenic content is 
less than 1 per cent. 

Rhines,® in his studies on the formation 
of subscales, has approached the question 
by a different method. Evidence of the 
precipitation of an oxide of arsenic was 
obtained in this manner from an alloy 
containing 0.03 per cent As, but the 
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portions were cut from the oxygen-free 
rods, melted in pure graphite crucibles and 
cast in the form of oxygen-bearing slugs, 
which were processed as outlined above. 
As previously experienced, the remelting 
operations resulted in further losses of 
arsenic, the magnitudes of which can be 
calculated by subtracting the compositions 
of the oxygen-bearing samples listed in 
Table 2 from their oxygen-free analogues. 


TABLE 2.—Alloys of Arsenic and Pure Copper 


Conductivity, Per Cent I.A.C.S., Annealed at 


nin; 

Sample As, O2, Hard eae 
No. Per Cent|/Per Cent} Drawn ature, 
300°C 400°C, | 500°C. | 600°C 700°C. 800°C. Deg. C 
118M Nil Nil 100.2 102.3 102.3 102.3 102.3 102.2 102.2 I41 
119M 0.0006 Nil 99.9 102.0 102.0 102.05 | 102.0 102.15 | 102.0 149 
120M 0.0015 Nil 99.6 I0r.75 | 101.8 101.8 101.8 101.9 101.65 162 
121M 0.0046 Nil 98.5 | 100.55 | 100.6 | 100.6 |-100.6 | 100.55 | 100.3 190 
122M 0.0090 Nil 97.4 99.2 99.3 99.3 99.25 99.3 99.15 202 
123M 0.0465 Nil 87.8 88.4 88.4 88.4 88.25 88.3 88.35 240 
118MO Nil 0.027 | 100.05 | 104.1 102.2 102.1 102.3 102.15 | 102.3 I51 
119MO | 0.0005 0.026 | 99.85 | 101.95 | 102.05 | 102.05 | 102.1 102.05 | 102.05 150 
120MO | 0.0012 0.036 99.7 101 Ior 101.9 101.9 101.85 | 10t.9 163 
121MO | 0.0043 0.026 98.5 IOI.05 | 100.65 | 100.7 100.65 | 100.65 | 100.7 182 
122MO | 0.0080 0,032 7-55 99.55 99.35 99.45 99.45 99.45 99.5 193 
123MO | 0.042 0.029 87.8 88.7 88.65 88.65 88.7 88.8 88.9 237 


behavior of a sample containing 0.12 per 
cent As was uncertain. If these results are 
interpreted to mean that the oxidation of 
arsenic is only partly complete, the con- 
clusions of earlier investigators are open 
to question, since their conductivity 
comparisons include no data obtained 
from oxygen-free alloys. 

In preparing the present series by 
synthesis and carrying out the usual 
analytical checks for uniformity of com- 
position, it became evident that the 
volatility of arsenic was responsible for 
significant losses during alloying, and the 


- compositions of the oxygen-free alloys 


were therefore determined chemically. 
Attempts were then made to prepare 
oxygen-bearing samples by diffusion at 
850°C. These resulted in very gradual 
increases in conductivity with increasing 
time, but when, after very long periods, 
equilibrium had not been reached, the 


process was abandoned. Accordingly, fresh. 


The oxygen contents of these alloys 
were then determined by the usual process 
of loss in weight in hydrogen (2 hr. at 
goo°C.). Again, arsenic losses were en- 
countered, and the total losses in weight 
(Oz contents) of the higher arsenic alloys 
had to be corrected as shown in Table 2A. 


TABLE 2A.—Corrections in Weight Losses 


Loss in As, 
Sample No. As, Per Cent 2 hr. 900°C., 
Per Cent 

119MO 0.0005 Nil 

120MO 0.0012 Nil 

121MO 0.0043 0.0003 
122MO 0.0080 0.0023 
123MO 0.042 0.0075 


Since oxygen also lowers the conductivity 
of copper by its volume effect, the con- 
ductivity data of Table 2 have been 
corrected by the addition of 0.136 per cent 
I.A.C.S. for each 0.01 per cent O; present. 
Thus, the data for the oxygen-free and 
oxygen-bearing alloys are strictly com- 


148 EFFECT OF SOME ELEMENTS ON SOME PROPERTIES OF COPPER 


parable. These comparisons can be more 
easily made from Fig. 2, where it will be 
observed that the agreement between the 
samples, with and without oxygen, Is 


per cent does not react to a significant 
extent with the oxygen contents normal to 
commercial coppers. 

It will be borne in mind, however, that a 


° Oxyger-free alloys 


98 © Oxyger-bearing alloys 
x SKOWFONSEY (Conductivity) | 
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Fic. 2—ALLOYS OF PURE COPPER AND ARSENIC. 


“ 
precise with the exception of the alloys of 


highest arsenic content. The deviation in 
this case must be due to analytical errors, 
since if 1t were ascribed to the formation 
of an oxide of arsenic, the conductivity 
would have to be higher than that shown 
by the curve—not lower, as it is. 
However, it is now known that in some 
cases oxide formation and precipitation 
occur only within a limited temperature 
range, and may require considerable time 
at temperature to progress appreciably.® 
Therefore samples of alloy 123MO were 
annealed for 93 hr. at 500°C. and 92 hr. 
at 800°C., respectively. The treatment at 
500°C. resulted in a conductivity increase 
of 0.95 per cent and‘that at 800°C. in an 
increase of 2.95 per cent. Upon analysis, 
this change in conductivity was found to 
be due to loss. of arsenic rather than to 
oxide formation, and this effect explains 
why the previous attempts to prepare 
oxygen-bearing alloys by diffusion at 
850°C. were unsatisfactory. Thus, it 
appears evident that arsenic up to 0.05 


simple reaction of arsenic and oxgyen is 
not the only possible combination that 
can occur in coppers of commercial purity. 
For while no simple oxide is formed, it has 
long been known that additions of lead to 
arsenical tough-pitch coppers will increase 
their conductivities very substantially.* 
This increase is not obtained in oxygen- 
free alloys, and therefore probably is due 
to the formation of a complex oxide. 

The conductivity results of Fig. 2, being 
independent of oxygen content, do not 
differ from previously published data for 
the arsenical tough-pitch coppers to any 
notable extent. The unit effect of arsenic 
is at its maximum up to 0.04 per cent; in 
this range, each 0.001 per cent As lowers 
the conductivity 0.33 per cent I.A.C.S. 

It is of interest to note that as arsenic is 
added to copper, the difference between 
the conductivitics of the hard and annealed 
materials becomes less and less, finally dis- 
appearing at about 0.08 per cent As, after 


*S. Skowronski: Unpublished work. 
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which the hard conductivity is appreciably 
higher than the annealed.® Suggestions that 
this effect could be due either to coring or 
the presence of oxygen. do not seem prob- 
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effect on most of their physical properties. 
Broniewski and Lewandowski concluded, 
from their curves of properties vs. sulphur 
content, that the solid solubility limit is 


S 
a 


So 
=) 


S 
is) 


Conductivity, per cent, I.A.C.S. 


0.0001 


0.00) 


Sulphur, per cent 


; Fic. 3—ALLOYS OF PURE COPPER AND SULPHUR. 
Points 1, conductivity of oxygen-free alloys annealed 1 hour at 500°C. 
Points 2, conductivity of oxygen-free alloys annealed 1 hour at 800°C. 
Points 3, conductivity of oxygen-free alloys annealed 7 hours at 800°C. 
Points 4, softening temperature of oxygen-free alloys. Penultimate anneal 1 hour at 850°C. 
Points 5, softening temperature of oxygen-bearing alloys. Penultimate anneal 1 hour at 850°C. 
Points 6, softening temperature of oxygen-free alloys. Penultimate anneal 2 hours at 600°C. 
Points 7, softening temperature of oxygen-bearing alloys. Penultimate anneal 2 hours at 600°C. 


able in view of the behavior of the present 
oxygen-free series, which is substantially 
free from both. The master alloy used in 
preparing the alloy series contained 0.121 
per cent As and the hard and annealed 
conductivities were 72.7 and 72.1 per cent, 
respectively. 

In addition to the commercially impor- 
tant effect of arsenic on the conductivity, 
increases in softening temperature also 
occur. While these may be considered 
moderate in the composition range here 
studied, their magnitude in the com- 
mercial alloy range is of important signifi- 


~ cance. The data herein presented confirm 


the general behavior indicated by the 


- conductivity measurements. 


EFFECT OF SULPHUR 


The studies’ of Siebe!? and Broniewski 
and Lewandowski" indicate that the small 
amounts of sulphur present in the refined 
coppers of commerce have a very minor 


less than 0.03 per cent S. Siebe’s data for 
alloys containing o and o.o1 per cent S 
are practically identical. High amounts of 
sulphur are generally agreed to be dele- 
terious to most physcial properties. For 
very low sulphur contents, the quantities 
and behavior of the gaseous compounds of 
sulphur that escape from molten copper, 
under the conditions that attend the 
casting of the tough-pitch varieties, have 
evidently been considered in more detail 
than the effects of what remains in 
the solid bars. For despite the fact 
that sulphur is a component of all 
commercial coppers, its solid solubility is 
unknown and data concerning its behavior 
in the oxygen-free form are extremely 
scanty. 

To ensure the purity of the alloys used 
in the present study, the master alloy was 
made from pure copper and Cu,S obtained 
by precipitation of pure copper with H,S. 
Chemical analyses made on the con- 
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tinuously cast rods indicated that the 
highly reducing conditions under which 
alloying took place prevented detectable 
losses from the intended compositions. 
In order to avoid such losses in the oxygen- 
bearing series, the oxygen was introduced 
into the 3é-in. rods by diffusion for 4o hr. 
at 850°C. rather than by remelting. Wires 
were then prepared for conductivity tests 
by the usual procedure. The data are 
presented in Table 3 and Fig. 3. 

It is apparent that the first 0.0003 per 
cent S added produces a loss in conductivity 


containing 0.005 and o.or per cent S 
suffered conductivity losses of 1.2 per cent 
when annealed at 800°C., whereas the 
maximum volume effect to be expected of 
these amounts of sulphur in the form of 
insoluble Cu2S is but 0.08 per cent. 

The shape of the conductivity curve 
representing the 800°C. anneals given in 
Fig. 3 suggests that equilibrium was not 
reached in the one-hour period at tempera- 
ture, and the same wires were therefore 
reannealed for an additional 6 hr. This 
treatment caused further losses of con- 


TABLE 3.—Alloys of Sulphur and Pure Copper 


Sulphur, 
eects Per 


Cent 

300°C 400°C. 
136M Nil 102.2 102.3 
142M 0.0003 102.15 | 102.1 
143M 0.0008 102.05 | 102.1 
144M 0.0015 102.1 102.1 
145M 0.0050 102.0 102.2 
146M 0.0100 101.9 102.0 


Conductivity, Per Cent I.A.C.S., Annealed at 


Softening 
Temperature, 
Deg. C. 


500°C. | 600°C. | 700°C. 


102. 
102. 
102. 
102 
102. 
102. 


102 
102 
102 
102 
102 
Ior. 


102. 
102 
102 
102 
Ior 
ror 
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* Denotes saturation with oxygen by diffusion at 850°C. 


of one or two tenths, after which the 
conductivity drop obtained from samples 
annealed at temperatures of 600°C. or lower 
becomes proportionately much smaller. 
This suggests a solid solubility of 0.0003 
per cent S or less at these temperatures. 
On this basis the drop resulting from larger 
additions can be ascribed to the volume 
effect of the excess Cu2S, which may be 
calculated as 0.08 per cent I.A.C.S. for 
each o.o1 per cent S present. 

However, at 700° and 800°C., con- 
siderably larger losses of conductivity are 
obtained, and there can be tittle doubt 
that the solid solubility has increased 
appreciably with these increases in tem- 
perature. This is illustrated particularly 
well by the fact that both the alloys 


ductivity for the two dilute alloys con- 
taining 0.0003 and 0.0008 per cent S, 
which then gave readings of 101.9 per 
cent and ro1.6 per cent, respectively, all the 
others remaining unchanged. These values 
are presented in the dotted section of the 
curve of Fig. 3. 

This evidence lends additional weight 
to the supposition that the solid solubility 
of sulphur is less than 0.0003 per cent at 
600°C. Furthermore, the unit effect of 


sulphur on the conductivity within the 


very limited solid solubility range is high, 
as would be expected from its position in 
the periodic table relative to that of copper. 
The presence of oxygen has no significant 
effect on the results, and consequently the 
well-known losses of conductivity that are 
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experienced when commercial coppers are 
annealed at temperatures higher than 
600°C. can be attributed in large measure 
to the sulphur they contain.!2 

Because of the small magnitude of the 
differences in conductivity that are obtained 
from additions of sulphur, a precise 
determination of its solid solubility obvi- 
ously is beyond the scope of the present 
data. The authors do believe that the 
evidence is sufficiently good for a reasonable 
estimation, considering the total lack of 
information of this type, and favor solid 
solubilities of about 0.0002 per cent S 
at 600°C., increasing with temperature 
to about o.cor per cent at 7oo°C. and 
0.002 per cent at 800°C. - 

Aside from their commercial importance, 
the determinations of softening tempera- 
ture included in Table 3 are of noteworthy 
benefit in corroborating the interpretation 
placed on the conductivity measurements. 
This is particularly true when significance 
must be placed on small changes in 
properties, as in the present instance. 
Therefore, in order to take advantage of 
these possibilities, two sets of measure- 
ments were made, one in which the samples 
were prepared using four }4-hr. inter- 
mediate anneals at 600°C. during process- 
ing, to provide low solid solubility of 
sulphur, and a second group in which the 
solid solubility was substantiaily increased 
by appropriate heat-treatment. This was 
accomplished by substituting a one-hour 
anneal at 850°C. and a quench for the 
usual fourth intermediate anneal mentioned 
above. 

The data have an unusual degree of 


scatter, but there is little doubt from the 


upper curve representing the samples 
quenched from 850°C. that an appreciable 
increase in. solid solubility over that 
existing at 600°C. was obtained by this 
treatment. If the supposition that the 
solubility of sulphur at 600°C. is limited 
to about 0.0002 per cent is correct, most 
of the lower curve lies beyond the solution 
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range. Yet, the slope is fairly large up to 
0.0015 per cent S. This may possibly be 
due to the first small amounts of excess 
Cu.S that make their appearance in this 
composition range; the effect of certain 
finely dispersed secondary phases on the 
softening temperature is known to be 
significant. 

The fact that a substantial difference in 
softening temperature resulted from the 
two heat-treatments given the samples 
containing 0.0003 per cent S confirms 
the conclusion previously drawn that less 
than this amount is soluble at 600°C. 
A fair conclusion seems to be that the 
effect of sulphur on the properties of copper 
is actually quite large per unit of sulphur 
present in solid solution, but that the 
extremely small solid solubility limits the 
total effect to moderate dimensions. 


EFFECT OF SELENIUM 


In 1938, C. S. Smith!® revived interest 
in the effects of selenium in copper by 
successfully employing up to 1.5 per cent 
Se for free-machining purposes. More 
recently the difficulties encountered in 
the use of South African blister coppers 
have led to a number of investigations in 
England on the effects of tellurium and 
bismuth, as well as selenium. Eborall'* has 
recently succeeded in isolating the com- 
pounds formed by copper and selenium 
and tellurium and by means of X-ray 
powder photographs identified them as 
CuSe and CuzTe. No evidence of oxide 
formation was obtained as suggested by 
Rhines, who observed subscale formation 
in a copper containing o.1 per cent Se. 
Eborall’s disclosure of the existence of a 
liquid phase in- oxygen-bearing coppers 
containing selenium or tellurium at 891° 
and 870°C., respectively, due to the 
formation of ternary eutectics, is of 
considerable commercial importance. 

Cook and Parker! found that up to 0.04 
per cent Se is not harmful to the hot- 
piercing properties of copper but has some 


TS? 


effect on the capacity to withstand cold-. 
working, particularly in the presence of 
bismuth. Bailey and Hallowes!® investi- 
gated various blends of South African 
blisters to determine the possibility of 
utilizing suitable mixtures for tube manu- 
facture, but, unfortunately for the present 
discussion, the base materials carried both 
selenium and tellurium and it was not 
possible to evaluate their individual 
effects. Skowronski’s conductivity data 
show a uniform rate of loss at 0.005 and 
o.or per cent Se where conductivity de- 
pressions of 0.8 and 1.6 per cent were noted, 
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tents. The brick-red deposit that some- 
times is found on the walls of the reduction 
tube when commercial selenium-bearing 
coppers are so treated was conspicuously 
absent in the present case. 

The previously described corrections 
for the effect of excess Cu2O were applied to 
the conductivity data to permit direct 
comparisons with the oxygen-free values. 
Corrections of this type introduce an 
additional source of error and it is custom- 
ary to observe more scatter in the data 
when oxygen is introduced by remelting 
rather than by diffusion. Making due 


TABLE 4.—Alloys of Selenium and Pure Copper 


Conductivity, Per Cent I.A.C.S., Annealed at Softening 
Temperature 
Sample} 5¢ O2, Hard ees Ss 
No ao Cn Drawn 
300°C. | 400°C. | 500°C. | 600°C. | 700°C. | 800°C. 
2 Hr.| 2 Ur. 
600° | 850° 
208M PureCu| Nil 100.1 102.3 102.3 102.2 102..35)|, 102.25" | 4702.3 137 
209M 0.0005 Nil 99.95 | 102.0 102.1 102.1 102.05 | 102.1 102.1 196 210 
210M 0,001 Nil 909.7 I0I.9 102.0 102.0 101.8 101.8 101.7 208 245 
211M 0.005 Nil 99.6 I0I.75 | 101.95 | 101.85 | 101.7 IOI.25 | 100.25 | 237 292 
212M 0.01 Nil 99.5 101.6 101.9 IOI.9 101.7 IOI.I 990.55 238 303 
213M 0.05 Nil 99.3 IOI.3 IOI.7 IOI.65 | 101.4 100.9 99.0 245 307 
208MO | Pure Cu} 0.030 | 100.2 102,2 102.4 102.4 102.5 102.25 | 102.5 137 146 
209MO | 0.0005 |} 0.033 | 100.05 | 102.15 | 102.15 | 102.05 | 102.2 102.15 | 102.15 186 207 
210MO | 0.oo1 0.033 99.9 I0I.95 | 102.05 | 102.2 102.05 | ror.85 | ror.55 | 205 227 
211MO | 0.005 0.037 99.7 IOI.5 102.0 102.05 | I0I.9 I0OI.1 100.35 | 230 282 
212MO| 0o.o1 0.041 99.35 | 101.65 | 102.0 102.15 | 101.85 | 101.05 99.55 | 240 290 
213MO | 0.05 0.035 99.35 | 100.85 | 101.75 | 101.8 I0I.55 | 100.75 99.45 | 245 205 


but from o.o1 to 0.05 per cent Se the 
additional losses are less than o.10 per 
cent for each further addition of o.or per 
cent Se. This indication of limited solid 
solubility is confirmed by Eborall, who 
observed excess Cu2Se in samples con- 
taining 0.02 per cent Se that had been 
quenched from 600° and 800°C. 

The alloys now to be considered were 
synthesized from pure copper and a 
continuously cast master alloy in the 
usual way. Oxygen-bearing samples were 
prepared by remelting in pure graphite 
and pouring through air. No selenium 
losses were encountered in this operation 
nor in the samples reduced in hydrogen at 
goo°C. for estimation of the oxygen con- 


allowance for this, it does not appear from 
Table 4 that there are any significant 
differences between the oxygen-free and 
the oxygen-bearing data; consequently it 
is concluded that appreciable oxidation of 
selenium does not occur within this 
concentration range. 

With selenium as well as with sulphur, 
the conductivity losses are decidedly 
related to the annealing temperature. 
At 500°C. or less, the values here obtained 
are considerably less than those reported 
by Skowronski, but as the temperature 
approaches 800°C. the effects are of greater 
dimensions, and suggest appreciable in- 
creases in solid solubility in this direction. 
The one-hour annealing period is too short, 


a 
° 
ues 
we 
a 
os: 
« 
ae 


~~ 


Re To, 
wx 4 
i) , 


oa Ae 


: 


J. S. SMART, JR. AND A. A. SMITH, JR. 


of course, for more than a partial approach 
to equilibrium conditions, and _ longer 
periods were employed to reach at least the 
stage where any further changes could be 
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for the moment that at 800°C. at least 
0.01 per cent is soluble, the conductivity 
losses per unit of o.oo1 per cent Se at 
compositions 0.001, 0.005 and o.o1 per 
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Fic. 4.—ALLoyS OF PURE COPPER AND SELENIUM. 
Points 1, oxygen-free alloys. Penultimate anneal 2 hours at 850°C. 
Points 2, oxygen-bearing alloys. Penultimate anneal 2 hours at 850°C. 
Points 3, oxygen-free alloys. Penultimate anneal 2 hours at 600°C. 
Points 4, oxygen-bearing alloys. Penultimate anneal 2 hours at 600°C. 


considered to be minor. These results are 
reported in Table 5. Because of the greater 
accuracy afforded, these data, which are 
plotted in Fig. 4, are derived entirely from 
the oxygen-free alloys. 

The estimation of the solid solubility of 
selenium is somewhat complicated by two 
factors that are evident from Table 5. 
First, it is apparent that the unit effect of 
soluble selenium is anything but a linear 
function of the composition. Assuming 


cent Se are 0.6, 0.4 and 0.27 per cent 
I.A.C.S., respectively. In addition, the 
volume effcct of excess selenium over that 
necessary to saturate the solid solution is 
also Jarger than would be expected from 
simple calculation, as can be seen from the 
following consideration of the 500°C. 
curve. This indicates a drop of 0.45 per 
cent in conductivity for a selenium» con- 
tent of 0.05 per cent, and this quantity is 
far more than is necessary to saturate the 


TaBLe s.—Effect of Time and Temperature on Conductivity of Oxygen-free Alloys of Copper 
and Selenium 


Per CENT : 
—E™E—E—EE—— EE ————— an ar anninsae 
500°C. 600°C. 700°C. 800°C. 
Sei . me 
oO. er Cent 
saulabe, 17 Hr. r Mr, iy) Sobex Nh we lhe re dale 47 Hr. T fire 6 Hr. 
209M .0005 | 102.1 OZ et 102.05 | 102.0 102.0 102.1 I02.0 102.1 IOI.9 
210M oor 102.0 102.0 ror.8 101.75 | 101.8 101.8 101.7 101.7 101.6 
211M .005 I0o1.85 | 101.9 IOL.7 OL.75, |, 100.7 101.25 | 100.9 100.25 | 100.25 
212M .O1 IOr.9 I01.9 IOI.7 TO1.65 | LOT.7 Io1..I 100.7 99.55 99.35 
213M .05 - | 101.65 | 101.65 | 101.4 101.4 IOI.4 100.9 100.4 99.0 98.5 
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solid solution at this temperature. Even if 
the amount in solid solution were neglected, 
and all of this amount considered insoluble, 
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had not equilibrium been reached in the 
previous treatment. However, this result 
indicates, at least, the validity of the 


0.0! 0.02 


Per cent by weight, S,Se, Te 


* Data from Reference 3 


Fic. 5.—SOLID SOLUBILITY OF SULPHUR, TELLURIUM AND SELENIUM IN COPPER. 


the calculated volume effect would be 
only 0.15 per cent. 

If now the conductivities of the o.o1 
and 0.05 per cent Se alloys are compared, 
it will be noted that up to 700°C. they 
differ by a constant of 0.30 per cent 
I.A.C.S., which represents the additional 
loss due to volume effect of the excess 
CuSe in the higher alloy. At 800°C. an 
appreciable increase in the differential 
occurs; this amounts to 0.85 per cent 
I.A.C.S., and it can hardly be attributed 
to anything but solution of selenium in 
amounts greater than o.o1 per cent. It is 
recognized that failure to attain equilib- 
rium, particularly in the sample containing 
0.01 per cent Se, might have resulted in 
failure to obtain the lowest possible con- 
ductivity from this wire. Therefore the 
annealing time at 700°C. was increased 
to a total of 61.5 hr. The 0.05 per cent Se 
sample again had a conductivity of 
100.4 per cent, but the conductivity of the 
0.01 wire increased 0.3 per cent to 1o1.0 
This result is anomalous, since a further 
decrease should have occurred at 700°C. 


conductivity difference on which the solid 
solubility of selenium at 800°C. is pre- 
sumed to be greater than 0.01 per cent. 
The authors make no claims for high 
accuracy, but feel that for most purposes 
the solid solubilities represented by Fig. 5 


can be employed with fair success. It has 


not been overlooked that extrapolation of 
this curve to higher temperatures will 
result in solubilities of considerable pro- 
portions, and, if these do not actually 
exist, either the slope at higher tempera- 
tures can be expected to change or the 
present curve will need revision. 

In view of the solubility behavior, the 
samples for the determinations of softening 
temperature were prepared as outlined for 
the sulphur-bearing coppers, in order to. 
include conditions of high-order and low- 
order solubility. The data as presented in 
Fig. 4 show several interesting trends, 
among which the confirmation of the 
existence of a solubility change with 
temperature is notable. In addition, 
despite the very limited possibilities for 
solid solution at 600°C, the lower curve 
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indicates a progressive increase in softening 
temperatures over the entire composition 
range. This must be attributed to the effect 
of the dispersed Cu.Se, as previously 
noted for the similar behavior of Cu.,S, 
and CuzTe*. The curves for CusSe and 
CueTe are almost identical. 

Where substantial amounts of selenium 
are present in soluble form, the effective- 
ness of the selenium additions are more 
pronounced. According to the upper curve, 
it is possible to reach rather high softening 
temperatures if selenium-bearing coppers 
are given a solution anneal at 850°C. and 
quenched. Sclenium is intermediate in 
effectiveness between sulphur and tellu- 
rium, and all three behave similarly in 
that precipitation is rapid at even the low 
annealing temperatures that are used in 
commercial processing. 


SUMMARY 


1. Phosphorus enters solid solution in 
oxygen-free copper, resulting in major 
losses of conductivity and increases in 
softening temperature. Up to 0.0059 per 
cent P, the unit loss of conductivity is 
0.73 per cent I.A.C.S. for each 0.001 per 
cent P added. Phosphorus and oxygen 
combine quantitatively to form an in- 
soluble oxide. 

2. Arsenic in amounts up to 0.0§ per 
cent does not combine with oxygen and 
therefore is effective in both oxygen-free 
and tough-pitch coppers. Arsenic lowers 
the conductivity linearly 0.33 per cent 
I.A.C.S. per unit of o.oo per cent As, 
within the composition range o to 0.01 per 
cent As. The softening temperature in- 
creases moderately within these limits. 

3. The ‘solid solubility of sulphur in 
copper increases from approximately 0.0002 
per cent S at 600°C. to around 0.002 per 
cent at 800°C. The unit effectiveness of 
sulphur is high, but the total effects are 
curtailed by its limited solubility. Sulphur 
and oxygen do not combine to form an 
insoluble precipitate. 


4. The solid solubilities of sulphur and 
selenium appear to be of equal magnitude 
at 500°C., but that of selenium increases 
at a much faster rate with increasing 
temperature, and approaches 0.015 per’ 
cent at 800°C. Selenium also does not 
combine with oxygen in the composition 
ranges investigated, and significant in- 
creases,in the softening temperature can 
be obtained from heat-treatments that 
retain the soluble form. The losses of 
conductivity are modest. 
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DISCUSSION 
(S. Skowronski presiding) 


S. SKOwRONSKI.*—We are indebted to the 
authors for having furnished absolute figures 
on the effect of impurties upon the electrical 
conductivity of copper. The many experi- 

* menters who have worked along the same line 
started with commercial copper, and the re- 
sults, therefore, were relative rather than 
absolute. The constants derived in this series 
of papers may be used for the calculation of 
electrical conductivity from the chemical 
analysis; for example, a copper refinery’s 
monthly composite analysis of its refined 
copper showed: arsenic 0.0004 per cent; 
antimony 0.0004; selenium 0.0009; tellurium 
0.0007; nickel 0.0010; oxygen 0.032; with an 
average conductivity of 101.31 per cent. Using 
the factors established by the authors, the 
calculated conductivity based upon this 
analysis was 101.24 per cent. 

As pointed out by the authors, in tough- 
pitch copper, lead will neutralize the effect of 
arsenic upon the electrical conductivity. 
Copper containing o.oro per cent arsenic with 
a conductivity of 97.6 per cent can have its 
conductivity increased to 100.2 by the addition 


* Raritan Copper Works, Perth Amboy, 


New Jersey. 


of o.o12 per cent lead. The theory advanced for 
this phenomenon was that lead would remove 
the arsenic from the solid solution as insoluble 
lead arsenide; however, since the authors found 
that in oxygen-free copper there was no increase 
in the conductivity when adding lead to 
arsenic-bearing copper, the theory will stand 
revision, and, as pointed out by the authors, 
oxygen must have a bearing on the reaction 
of lead with arsenic. 


C. R. Marstanp.*—The only question I 
should like to ask is how the oxygen determina- 
tion was made on the oxygen-free copper. Nil 
is shown in each case, and I wonder just what 
it means. 


J. S. Swart (author’s reply).—This point was 
discussed in detail in the first paper of this 
series (see ref. 1). Briefly, the oxygen content 
is well below the limits of accuracy of our pres- 
ent analytical methods. For instance, SiO, and 
copper can be charged to the continuous 
casting equipment, and a silicon bronze pro- 
duced due to reduction of the SiO». Under these 
conditions we feel justified in describing the 
oxygen contents of these alloys as nil. 


* Handy and Harman, Bridgeport, Con- 
necticut. 
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The Effect of Phosphorus on the Properties of Gun Metal— 
Reducing Conditions 


By Rosert A. Corton,* Junior MEMBER, AND BLAKE M. Lorinc,* Mremper A.I.M.E. 


(Chicago Meeting, February 1946) 


MELTING procedures for most metals 
and alloys usually include some provision 
for the control of oxygen, since this element 
frequently has some undesirable effect on 
the properties of the metal or alloy con- 
cerned. In the melting of the various bronzes, 
this is especially true, since oxygen can be 
introduced-into the melt in a number of 
ways, most of which are difficult to control. 

In making bronzes from virgin materials, 
oxygen is usually present in the commercial 
grades of copper used; electrolytic fire- 


refined copper ingots usually contain from’ 


0.02 to 0.05 per cent oxygen. When ingot 
metal or scrap bronze is used in the charge, 
oxides are almost always present to some 
degree. Under certain melting conditions 
and in certain types of melting equipment 
the atmosphere over the metal may be 
highly oxidizing. This, of course, maybe 
desirable in the melting practice used, but 
is certain to introduce appreciable amounts 
of oxygen into the melt, and that may not 
be entirely desirable. 

From the foundry viewpoint oxygen may 
have several harmful effects on bronzes. 
The formation of excessive amounts of 


oxides may produce drossy metal, which, - 


in turn, means dirty castings and a poten- 


- tially high rejection rate. It is claimed, too, 


that oxides in the metal may combine with 


This paper presents only the personal opinions 


- of the authors and in no way reflects the official 


attitude of the U.S. Navy. Manuscript received 
at the office of the Institute Oct. 11, 1945. 
Issued as T.P. 1974 in Mrrars TECHNOLOGY, 

* Naval Research Laboratory, Anacostia 
Station, Washington, D. C 


hydrogen to form steam and thereby pro- 
duce porosity in certain of the bronzes. 
The presence of certain refractory oxides, 
such as SnOz, may be undesirable from 
the viewpoint of making machining diffi- 
cult, or as possible stress-raisers in the 
metal matrix. It is often said that excessive 
oxide present in the liquid metal makes 
the metal run sluggishly. 

Since it appears impractical to try to 
control the amount of oxygen introduced 
into the metal beyond taking the eco- 
nomical limit of precaution about charging 
dirty scrap, it would seem that control of 
the oxygen content of the liquid metal 
offers the most promising approach to this 
problem. This might be done by using slags, 
or covers, or by the use of some element 
or compound added to the melt to remove 
oxygen preferentially. Most aspects of 


» this problem have been considered and 


considerable work has been done along 
these lines. A reconsideration of the prob- 
lem is indicated, however, by the con- 
troversial nature of the evidence at hand, 
especially on the possibility of using a 
chemical deoxidizer to control the oxygen 
content of bronzes. 


CHOICE OF DEOXIDIZER 


The choice of the chemical agent selected 
as a deoxidizer would naturally depend 
first on the alloy in which it is to be used; 
in this particular case the alloy is Navy 
gun metal. In Table 1 are listed a group 
of elements that might be considered as 
deoxidizers for bronze, with some of their 
properties that should be considered in 
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making a choice.?! From the properties 
shown, aluminum, manganese, silicon, 
phosphorus and zinc may be selected as 
potential deoxidizers. 


TABLE 1.—Chemical Data on Possible De- 
oxidation Elements”) 


Heat of Formation Boiling 

Element per Atom Oxygen, Point, 
K cal. at 18°C. Deg. C. 

Ca TSkay 1240 
Mg 146.0 1100 
Al 127.0 1800 
Si 101.3 2600 
Mn 96.5 1900 
IX 85.0 280 
Zn 83.5 907 
Sn 69.0 2270 


Each has some advantage and dis- 
advantage, and phosphorus, whether it is 
the best deoxidizer or not, is by far the 
most widely used in bronze-melting prac- 
tice. There is, however, considerable 
difference of opinion among foundrymen 
about the merits of phosphorus as a deoxi- 
dizer, and even among those who recom- 
mend its use there is no agreement as to 
how it should be used. This situation was 
well understood by Thews, who wrote, 
“ ... prevailing opinions concerning the 
use of deoxidizers, degasifiers, and fluxes 
are more or less erratic and diversified, 
the exact nature and the amount of the 
reagents required being more or less 
a matter of personal experience and 
inclination.””! 


Phosphorus as a Deoxidizer 


Exactly when foundrymen began think- 
ing in terms of gun metal instead of tin 
bronze is not altogether clear in the litera- 
ture. Some conclusions reached in work on 
copper-tin alloys are of interest. Rowe,? in 
1924, indicated his belief that tin oxide 
was not reduced by phosphorus and that 
all phosphorus in excess of that used to 
remove oxygen appears as Cu;3P. Also in 


31 References are at the end of the paper. 


1924, Vickers* recommended the use of 
15 per cent phosphor copper. 2 02. per 
100 lb., at the beginning of a heat as a 
deoxidizer for bronzes that contain zinc. 
Some general information was offered by 
Claus‘ and also in an article appearing 
under the name “Vallishe,’”’ which recom- 
mended the use of stick phosphorus for 
deoxidization.® Two more descriptive arti- 
cles on deoxidation of bronzes appeared in 
1928, one by Johnson® and the other by 
Thews.? In the following two years, 
Thews,!* pointed out that phosphorus, 
from the chemical data available, does not 
appear to be the most efficient deoxidizer 
for bronzes, but is still the most commonly 
used. 

Falkenstoerfer!® and Parsoris!! studied 
the effect of phosphorus in red brass. Both 
investigators believed that phosphorus 
actually serves as a deoxidizer and in virgin 
heats, where copper is the main source of 
oxygen, phosphorus is necessary to remove 
oxides in order to make sound metal, free of 
inclusions. Bailey? wrote an excellent dis- 
cussion on phosphorus in bronzes contain- 
ing zinc. He declared that deoxidation with 
phosphorus has been said to be reversible 
and that an excess of 0.05 per cent phos- 
phorus is necessary to ensure complete 
removal of the oxygen. Commercially, 
according to Bailey, an excess of 0.002 per 
cent phosphorus is considered adequate. 

Richards’ stated that copper-base cast- 
ings should contain only a trace, at most 
0.02 per cent phosphorus, and that when 
more is present it can be considered an 


- alloying element. A novel method of adding 


phosphorus to the metal was advocated 
by Claus, who recommended using a 
phosphor-copper briquette, which he had 
developed. The most recent paper concern- 
ing the use of phosphorus in gun metal, by 
George,!® suggests that phosphorus, as 
phosphor copper, be added at least 2 min. 
(preferably 5 min.) before pouring; other- 
wise the reaction may be incomplete and 
P,Os, or whatever phosphorus-oxygen gas 


- 
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is formed, may be liberated within the 
casting. 


Phosphorus as an Alloying Element 


The influence of phosphorus in bronze on 
the mechanical properties (other than in 
phosphor bronzes) has been only cursorily 
examined in the past, except for a study by 
-Dews?® on Admiralty gun metal (88-10-2). 
Dews’ work indicated that phosphorus, up 
to approximately 0.05 per cent, has little 
effect on the mechanical properties or struc- 
ture. Above 0.05 per cent phosphorus there 
is present fine CusP and a consequent re- 
duction in mechanical properties. Logan’ 
described a series of heats with and without 
additions of phosphor-copper where the use 
of the deoxidizer raised the average tensile 
strength of Admiralty metal from 38,150 to 
42,570 lb. per sq. in. and the specific gravity 
increased from 8.57 to 8.72. 


- Other Effects of Phosphorus 


Some research workers have contended 
that phosphorus in bronze acts as a 
degasifier and many have believed that 
phosphorus greatly increases the running 
quality (more commonly called “fluidity ”’) 
of the alloy; on the other hand, many 
deprecate such claims. 

Vickers described the action of phos- 
phorus as one of “thinning” the metal; this, 
he believed, facilitated the removal of 
dissolved gases, since such gases could 
rise through the metal more easily the 
higher the fluidity of the metal.? Thews? 
took substantially the same viewpoint 
when he stated that phosphorus has a 
mechanical rather than a chemical effect. 

Dews!® reported phosphorus to have a 
slight effect on the density of Admiralty 

gun metal. Falkenstoerfer™ stated that 0.03 
__ per cent phosphorus in red brass made it 
flow like water; when no phosphorus was 
present a slag formed on the metal surface. 
Parsons," also working with red brass, 
thought that phosphorus made the metal 
| more fluid and protected the molten stream 
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during pouring. Bailey!? implied that phos- 
phorus did not actually form a vapor cover 
over the metal during pouring; he thought 
it more likely that a phosphate slag of 
high fluidity formed. George!® claimed that 
phosphorus would liberate any hydrogen 
gas present in the metal. 


STATEMENT OF PROBLEM 


Although the use of phosphorus as a 
deoxidizer in bronze manufacture is wide-, 
spread, there is enough disagreement 
among foundrymen as to how to use it, and 
why it is used, to indicate that there is a 
scarcity of factual information about the 
effects of phosphorus in gun metal. This 
work was undertaken in an effort to supply 
some of this much needed information. 
Specifically, an attempt has been made to 
evaluate phosphorus as a deoxidizing agent 
for gun metal, to study the effect of residual 
phosphorus on the mechanical properties of 
gun metal, to determine the value of phos- 
phorus as a degasifier, and to measure the 
effect of phosphorus, when used as a de- 
oxidizer, on the running quality of gun 
metal. 


EXPERIMENTAL PROCEDURE 
The Test Casting - 


The test bar used in this work is shown 
in Fig. 1. It has been used in England by 
Baker!’ quite successfully with gun metal, 
and is recommended as being especially 
sensitive to metal quality for this alloy. 
The bar is easy to mold, requires a mod- 
erate amount of metal, and is easily made 
ready for machining. Two bars of this type 
and one 6-in. bar of a one-inch square sec- 
tion (Fig. 2) were molded together in the 
flask and fed by runners from a common 
pouring basin. The molds were made from 
a synthetic sand mixture of the following 
composition: sand (washed silica, A.F.A. 
No. 61), 96.0 per cent; bentonite, 2.5; 
dextrine, 1.2; mogul, 0.3; water, 3.0-3.5 
added. All molds were allowed to stand 24 
hr. before pouring, in order to reduce the 


160 


possibility of mold moisture being a sig- 
nificant factor. 
Melting Practice 


The alloy used throughout this work was 
fairly close to Navy composition G; that is, 


Fic. 1.—TEST BAR. 


88 per cent copper, 8 tin, and 4 zinc. In 
order that conditions should approximate 
commercial practice, ingot metal, made in 
the Laboratory foundry from virgin mate- 
rials, was used in the study. 

The ingot metal was made in 225-lb. 
heats in a lift-coil induction furnace from 
electrolytic fire-refined copper, Straits tin 
and Horsehead zinc. The metal was cast 
into one-inch cylinders in sand to facilitate 
charging of the furnace used for pouring the 
test castings. No cover or deoxidizer was 
used in making the ingot metal. The com- 
position was kept within Navy specifica- 
tions and each was analyzed chemically. 

All experimental heats were made in a 
s5o-lb. Ajax induction furnace in magnesia 
crucibles. The practice consisted of melting 
down 50 lb. of the ingot metal, and after 
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the metal was molten, adding 4 oz. of char- 
coal to the surface of the bath. This was 
done in order to increase the gas content of 
the metal, a phenomenon observed in the 
Laboratory foundry as well as in many 
others. By having gassy metal, it was hoped 


Fic. 2.—TEST CASTING. 


that the effect of phosphorus as a degasifier 
could be determined. The weighed amount 
of charcoal used was enough to just cover 
the meta! surface adequately. The charcoal 
was that used normally in the foundry and 
contained about one per cent moisture. The 
molten bath was brought to a temperature 
of approximately 1225°C., the surface was 
skimmed, and the metal poured into a pre- 
heated clay-graphite crucible ladle in which 
the weighed amount of 15 per cent phos- 
phor-copper, wrapped in copper foil, had 
been placed. The ladle was allowed to stand 
until the metal temperature had reached 
1150°C. (which took from 2 to 4 min.) and 
two molds were then poured. By using this 
technique, test bars with 22 different phos- 
phorus contents in the same _ base-alloy 
composition were obtained. All were not 
used, however, in all parts of the work. 
Temperatures were measured by either a 
black-body immersion optical pyrometer or 
by a specially constructed chromel-alumel 
thermocouple connected to a sensitive milli- 
voltmeter. Since pouring temperature is 
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such an important variable in this type of 
work, every effort was made to pour all 
castings at the same temperature. 


Tests Conducted 


From each of the test castings, the cylin- 
drical specimens were machined to 0.875- 


Fic. 3.—SPIRAL MOLD. 


in. diameter and 5.5-in. length. These bars 
were first used for measuring specific 
gravity by the Archimedes method. Follow- 
ing these measurements, standard o.505- 
in. tensile specimens were machined from 
each bar and the tensile strength, yield 
strength, and elongation of each were deter- 
mined. All tensile specimens were broken 
on a Baldwin-Southwark hydraulic testing 
machine and yield strengths were taken for 
a value at o.10 per cent offset on the load- 
extension diagram. 

The third bar from each casting, that of 
the square cross section, was machined into 
four standard Charpy V-notch impact 
specimens, which were broken at room tem- 
perature. Drillings for chemical analysis 


~ were taken from the center of the riser on 
the side where the bar had been cut. 


“Fluidity” Tests 


The running quality, or so-called “flu- 
idity” of metals, was measured with a 
spiral mold similar to that developed by 
Saeger and Krynitsky."* The mold used in 
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this work was one designed in this Labora- 
tory (Fig. 3). Core sand was used to make 
the molds, which were oven dried. By such 
practice it was hoped that the variable of 
sand condition could be eliminated from 
the study; measurements of running quality 
are often difficult to reproduce because of 


a is a 


Fic. 4.—FLUIDITY SPIRAL. 


the number of variables involved. In these 
experiments the attempt was made to have 
the method of adding the phosphor-copper 
to the metal the only variable. . 
Gun metal was made in 200-lb. heats in 
the lift-coil induction furnace, from virgin 
materials, and cast into ingots for remelt- 
ing. The ingots were then used for the 
charge, 100 lb. for each heat. The phos- 
phorus was added, 234 oz. of 15 per cent 
P-Cu (approximately 0.025 per cent phos- 
phorus) in four ways: (1) sprinkled on the 
metal surface; (2) sprinkled on the surface 
and stirred vigorously into the metal; (3) 
wrapped in copper foil and plunged under 
the surface of the metal with a bell-shaped 
plunger; and (4) wrapped in copper foil, 
placed in the bottom of a preheated clay- 
graphite crucible, and the metal poured 
over the phosphor-copper. Two heats were 
made with no phosphor-copper added. The 
metal was poured at five successively de- 
creasing temperatures. The time interval 
between pouring castings was recorded, the 
length of the spiral was measured, and 
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samples for chemical analysis were taken 
from the constant-level pouring head. (Fig. 
4.) Temperatures were measured with a 
black-body immersion optical pyrometer. 


PROPERTIES OF GUN METAL 


Micrographic examination of the various 
alloys showed CusP to be present when the 
residual phosphorus was above approxi- 
mately 0.06 per cent. This, of course, would 
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Fic. 5.—PHOSPHORUS RETAINED VS. PHOSPHORUS ADDED. 


RESULTS AND DISCUSSION 


Phosphorus as a Deoxidizer 


From the results of the chemical analysis 
of the different heats containing phos- 
phorus, the curve shown in Fig. 5 was 
drawn. It is apparent from this curve that 
most of the phosphorus added to the metal 
is retained. In view of this evidence, it is 
questionable whether or not phosphorus is 
acting as a deoxidizer in this alloy under the 
melting conditions used. Under different 
melting conditions, of course, phosphorus 
may deoxidize bronze. If the phosphorus is 
actually deoxidizing the metal, the chemical 
products of the reaction must remain in the 
alloy. Chemical analysis cannot usually 
distinguish between free and combined 
phosphorus. 


be true only for the conditions of the experi- 
ment and cannot be considered equilibrium 
behavior. Below 0.06 per cent phosphorus 
no constituent was detected that could be 
identified as a phosphorus compound, and 
it can be inferred that the phosphorus was 
either in solution in the copper or present 
as submicroscopic particles of CusP. 

This behavior is not too surprising when 
the fact is considered that these alloys con- 
tain 4 per cent zinc, a strong deoxidizer. It 
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is doubtful whether phosphorus will de- 


oxidize in the presence of available zinc, 
although little is known about these reac- 
tions at the temperatures of liquid metal. 
That phosphorus will deoxidize when no 
zinc is present has been demonstrated in a 
recent paper by Pell-Walpole,!® who con- 
ducted somewhat similar experiments on 
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the effect of phosphorus in straight copper- 
tin alloys. He found, in an alloy where no 
zinc is present, that a certain minimum 
residual phosphorus content must be 
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phase over the metal may not be alto- 
gether correct. If such a protective blanket 
were present, it is doubtful that the residual 
phosphorus would be so high. It is known, 
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Fic. 6.—PHOSPHORUS DEOXIDATION IN A ZINC-FREE COPPER-TIN ALLOY. 


reached before complete deoxidation takes 
place, and after that the phosphorus used 
up remains fairly constant. This is shown 
in Fig. 6, taken from the PelJ-Walpole 
paper. Since this bronze which contained 
zinc retained practically all of the added 


too, that the vapor pressure of P2Os is high 
at bronze-melting temperature.”? Another 
common belief—that phosphorus is a good 
deoxidizer because the products of deoxida- 
tion are gaseous and consequently easily 
removed—would seem to be questionable. 


TABLE 2.—Data from Tests, Averaged Values 
ce ce a aS lc TT | aan 


Residual 


Phosphorus Specific 

ne Added, | Phosphorus | Gravity, 
Per Cent PeciGent 20°C. 
106 ° (0) 8.52 
84 . 0.0093 0.008 8.58 
86 0.0187 0.014 8.57 
88 0.0280 0.023 8.51 
90 0.0374 0.035 8.40 
ey 0.0467 0.040 8.46 
94 0.0561 0.051 8.44 
98 0.0750 0.075 8.29 
I00 0.0841 0.079 8.31 
102 0.0935 0.089 8.30 
104 0.112 0.106 8.26 


phosphorus in these experiments, it would 
appear that no phosphorus deoxidation 
reaction occurred. 

The retention of phosphorus by these 
alloys would seem to indicate, too, that the 
theory that phosphorus protects the metal 


" during pouring by the creation of a vapor 


Tensile : Yield 
Strength, Pe emo Strength, poarey 
Lb. per a Tr im | 0.1 Per Cent Feib u 
Sq. In. Be Offset 
35,800 26.5 15,800 27.0 
39,700 31.5 16,600 30.0 
40,200 31.5 16,800 25.5 
40,100 32.5 16,500 26.5 
36,600. 26.0 15,900 25.0 
37,300 24.5 16,600 25.5 
38,400 28.0 16,000 26.5 
35.450 23.5 15,600 22.0 
36,100 24.0 15,750 22.0 
33,850 22.0 15,400 23.0 
34,300 21.5 15,550 22.0 


in view of the large amounts of phosphorus 
retained by the metal. 


Phosphorus as a Degasifier 


The results of the specific gravity deter- 
minations are given in Table 2. It was 
found experimentally that, when com- 
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pletely covering the molten metal surface, 
charcoal can make gassy metal.”? By using 
identical weighed amounts of charcoal in 
these experiments, the effect of phosphorus 


SPECIFIC GRAVITY — qms/ec 
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phorus is in the metal, only normal den- 
dritic segregation can be detected and the 
microradiograph would be classed as aver- 
age. When the residual phosphorus content 


PHOSPHORUS CONTENT 
PER CENT 


Fic. 7.—EFFECT OF RESIDUAL PHOSPHORUS ON SPECIFIC GRAVITY. 


on the soundness was determined. When 
the data from Table 2 are plotted against 
the corresponding residual phosphorus con- 
tent, the curve shown in Fig. 7 is obtained. 
It would appear from the data that up to 
0.02 per cent residual phosphorus may be 
beneficial as far as metal soundness is con- 
cerned, but increasing the phosphorus con- 
tent beyond that amount is definitely 
harmful. 

The probable explanation of why the 
larger amounts of phosphorus decrease 
the soundness of these bronzes may lie in the 
effect of phosphorus on the freezing interval. 
It is known that substantial amounts of 
this element lower the solidus, particularly 
in the phosphor-bronzes. This increase in 
the solidification interval would tend to 
intensify the formation of interdendritic 
cavities and also promote greater segrega- 
tion in the casting. Evidence that this is 
true can be seen in the microradiographs in 

Fig. 8. In the case where little or no phos- 


is large, pronounced segregation can be 
observed. In the microradiographs the 
light areas are tin-rich and the darker are 
copper-rich (the tungsten radiation used is 
absorbed more by tin-rich than by copper- 
rich-material). The black areas probably 
represent porosity. The striated effect in 
the microradiograph of the bronze with the 
higher phosphorus content is created by 
the freezing first of a high-copper portion 
of the dendrite and the later freezing of the 
material high in tin (and phosphorus). Such 
behavior can be noted in most gun metals 
when the phosphorus content is much 
above 0.03 per cent, but in far lesser degree 
than shown by the microradiograph of 
Fig. 8. ; 

It should be noted that the specific 
gravity of bronze is highly dependent on 
pouring temperature and that these density 
values will not necessarily be the same, 
other than relatively, for any other pouring 
temperature. 
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EFFECT OF PHOSPHORUS ON MECHANICAL 
PROPERTIES 


The data obtained from tensile and 
Charpy tests are given in Table 2. The rela- 
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increase in properties to approximately 
0.02 per cent residual phosphorus. In- 
creased: phosphorus content lowers the 


properties at a gradual rate. The beneficial 


Fic. 8.—BRONZE CONTAINING PHOSPHORUS. 
a, 0.008 per cent P; b, 0.112 per cent P. 
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PER CENT 
Fic: 9.—EFFECT OF RESIDUAL PHOSPHORUS ON TENSILE STRENGTH. 


tionships between residual phosphorus con- 
tent and the various properties are shown 
graphically in Figs. 9, 10, 11, and 12. The 
curves have similar shapes and show an 


effect of phosphorus on these properties 
is in agreement with the recommendations 
of Thews? and Richards,!* but is less than 
the 0.05 per cent phosphorus reported by 
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Dews as giving maximum properties in 
Admiralty gun metal. From the nature of 
the increases in mechanical properties it 
would appear that they are caused by the 
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Effect of Phosphorus on Running Quality 


The experiments on the effect of phos- 


phorus on the running quality or “fluidity” 
of gun metal were designed to determine 
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strengthening action of these small per- 
centages of phosphorus in solution. It is 
quite possible that the decline in properties 
with increasing phosphorus content is due 
to the diminished soundness. 


whether or not there is any increase in the 
“runability” of the alloy when phosphorus 
is added; also, if there is any beneficial 
effect, to find the most efficient method of 
adding the phosphor-copper to the metal. 
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The results of the experiments are given in 
Table 3 and the data are plotted in Fig. 13. 

From the positions of the curves in Fig. 
13, it appears that phosphorus has a 
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the experimental technique is probably 
sensitive enough for comparative purposes. 
The relative positions of the curves for the 
four experiments where phosphor-copper 
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Fic. 12.—EFFECT OF RESIDUAL PHOSPHORUS ON CHARPY IMPACT. 


definite beneficial effect on the running 
quality. The results for the experiments 
where no phosphor-copper was added to 
the metal checked satisfactorily, so that 


TABLE 3.—Resulis of Fluidity Tests 


How P between | Spiral phorus 
Ne Was pera- | Pourings| ‘Length, | ¢ a 
‘| Added ture, | after P In. ete 
eee a Cent 


F-1 | Cu-P I1I50 M5 0.024 
F-2 | wrapped 1125 Bhs 0.023 
F-3 | in foil I100 AR 0.023 
F-4 | plunged 1075 5 0.022 
F-5 | into bath | 1045 5 0.020 
F-6 | Cu-P .0 0.016 
F-7 | sprinkled | 1175 .5 0.018 
F-8 | on surface| 1150 -5 0.017 
F-9 | stirredin | 1105 .0 0.016 
F-10 | vigorously | 1067 55 0.020 
F-11 | Cu-P 1220 me) 0.020 
F-12 | sprinkled | 1185 .0 0.019 
F-13 | on . 1140 a3 0.018 
F-14 | surface 1100 .0 0.016 
F-15 1055 a’) 0.016 
F-16 | metal 5 0.018 
F-17 | poured I195 .0 0.014 
F-18 | over T155 .0 0.013 
F-19 | Cu-P 1120 .0 0.012 
F-20 1080 .0 0.010 
F-21 1210 .0 

F-22 | No 1180 .0 

F-23 | P 1145 .0 

F-24 II05 .0 

F-25 .0 

F-26 .0 

F-27 | No : .0 

F-28 | P : .0 

F-29| . ; F as 

F-30 5 .0 


was added in various ways indicate that 
pouring metal over the deoxidizer and 
plunging the phosphor-copper under the 
surface are somewhat better methods of 
adding the phosphorus than sprinkling it 
on the surface or stirring it into the metal. 
It should be noted, however, that this 
type of data has considerable scatter and 
exact conclusions are difficult to draw. 

Some foundry metallurgists have claimed 
that there is no actual change in the vis- 
cosity of the metal when phosphorus is 
added, but that the higher fluidity is a 
result of lowering the liquidus temperature 
and consequently pouring the metal at 
an appreciable superheat. In view of 
the apparently small change ‘in liquidus 
temperature caused by 0.025 per cent 
phosphorus, as can be seen on the Cu-P 
constitution diagram, this explanation 
seems unlikely. Other explanations of the 
effect of phosphorus on running quality 
may be found in a possible change in the 
surface tension of the metal, or perhaps 
supercooling is promoted by small residual 
phosphorus contents. : 

From the data of Table 3 it is apparent 
that holding the liquid metal in the ladle. 
does not greatly alter the retained phos- 
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phorus content, even after six or seven 
minutes. There is a gradual decrease in 
phosphorus in the alloy, but it is small 
enough to be negligible. The apparent 
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specific gravity of the metal while greater 
amounts cause a gradual decrease. The 
decrease with larger amounts may be due 
to the lowering of the solidus and increase 
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Fic. 13.—EFFECT OF PHOSPHORUS ON RUNNING QUALITY. 


discrepancy in residual phosphorus content 
and method of adding the phosphor copper 
can be explained by examining the tem- 
peratures at which the spirals were poured. 
When the metal was poured over the 
deoxidizer first, it was necessary to super- 
heat the bronze greatly (to 1270°C.). This 
would account for the greater reactivity 
of the phosphorus in this case, for instance, 
than when the top pouring temperature 
was 1150°C. In the latter instance the 
retained phosphorus content ran high. 


SUMMARY AND CONCLUSIONS 


1. It was found that most of the phos- 
phorus added to gun metal under the 
melting conditions used was retained by 
the metal. From this evidence it seems 
questionable whether the phosphorus was 
actually serving as a deoxidizer. This seems 
reasonable in view of the presence of 


4 per cent zinc, a strong deoxidizer in its - 


own right. 
2. Small amounts of residual phos- 
phorus, up to 0.02 per cent, increase the 


in the solidification interval. This would 
result in a greater formation of inter- 
dendritic cavities and probably would also 
cause increased segregation in the metal. — 

3. With up to 0.02 per cent residual 
phosphorus in the metal, there is con- 
siderable improvement in mechanical prop- 
erties. The tensile strength, yield strength, 
elongation, and Charpy impact values all 
showed this increase. Greater amounts of 
phosphorus in the metal cause poorer 
properties. The increase in mechanical 
properties with small amounts of phos- 
phorus is probably due to the strengthening 


_ action of the phosphorus in solution. The 


decrease in properties with larger amounts. 
of phosphorus may be caused by the change 
in soundness and increased segregation. 

4. From the results of the fluidity experi- 
ments, it appears that phosphorus has a 
definitely beneficial effect on the running 
quality of the metal. As might be expected, 
it was also found that the best method of 
adding the phosphorus is the one that 
both ensures thorough mixing and pro- 


DISCUSSION 


tects the phosphorus from atmospheric 
oxidation. 
5. The results of the experiments on 
running quality also indicate that holding 
a heat of metal in a crucible for about six 
minutes while the temperature drops from 
*- approximately 1250° to 1050°C. does not 
greatly decrease the phosphorus content. 
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DISCUSSION 


(J. H. Scaff presiding) 


G. J. LEBarAsse.*—The authors should be 
commended on the care and details that 
characterize this paper, evidently the first of a 
contemplated series dealing with Navy G 
metal. 

The selection of the test-bar mold has 
been chosen evidently for its sensitivity in 
showing up poor melting conditions, but have 
the authors poured other types of test bars 
such as the Webb-Webbert or Wood pattern? 
This question is asked because our foundry 
uses the Wood type of test-bar mold and a 
check on the last five bars pulled for foundry 
control shows an average of 47,250 lb. per 
sq. in. and 4o per cent elongation. The melting 
conditions were somewhat oxidizing and 
0.02 per cent phosphorus was added to de- 
oxidize and improve fluidity. 

Old records on heats made in coke furnaces 
also show about 45,000 tensile strength and 
40 to 45 per cent elongation, and phosphorus 
was not added to such metal. 

Although phosphorus is usually accepted by 
the foundry as a time-honored deoxidizer, 
have the authors considered lithium as a more 
satisfactory ‘‘degasser’’? 


G. P. Hattiwerr.{—This paper is further 
evidence of the ever increasing consciousness 
of nonferrous metallurgists to the problem of 
gases in metals, and of determining means to 
eliminate them or minimize their results. 


* Senior Metallurgist, Federal- Mogul Corpo- 
ration. 
+ Director of Research, H. Kramer and Co., 


Chicago, Illinois. 
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The recent work done by Battelle Memorial 
Institute for the Non-Ferrous Ingot Metal 
Institute on ounce metal (85 copper," 5 tin, 
5 lead, 5 zinc) has shown that the bar used 
by the authors is not as sensitive to the gas 
content of the melt as other types in more 
common use in this country. Mechanical 
properties are low and are not greatly in 
excess of those required by A.S.T.M. Specifica- 
tions, even when the melt quality is high. 

The authors attribute the initial increase 
in the mechanical properties to the solid 
solution of phosphorus in the base metal. 
It is difficult to see how this small amount of 
phosphorus in solid solution could have such 
a marked effect on the mechanical properties. 
Baker and Child’? have shown that when 
phosphorus falls below 0.02 per cent in a 
go-1o tin bronze there is a marked increase in 
the amount of oxygen that can be present 
in the equilibrium conditions. They have also 
shown schematically that as oxygen is reduced 
beyond a critical limit there is a marked 
increase in the amount of hydrogen that can 
remain in the equilibrium with the melt. 
Hence, any increase in phosphorus beyond 
0.02 per cent, with its consequent lowering 
of the oxygen content, means an increase in 
the hydrogen and the accompanying porosity 
in the solid casting. It is significant that the 
maximum properties obtained by the authors 
are with a phosphorus content of the same 
order as obtained by Baker and Child. The 
increase in properties is then due to a decrease 
in hydrogen content and its accompanying 
porosity, while the decrease in properties 
beyond 0.02 per cent phosphorus is due to 
increased porosity, resulting from the high 
hydrogen content in equilibrium with the 
high phosphorus and low oxygen content in 
the melt. 


R. A. Corron and B. M. Lorine (author’s 
reply).—The test bar used in this work was 
used by Baker and Child’ in an investigation 
of the effect of gases in 88-10-2 gun metal and 
was recommended as being sensitive to gases. 


17 Ref, 17, on page 169. 
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This sensitivity was confirmed to the author’s 
satisfaction. The fact that the tensile proper- 
ties of the alloy used here fell below those 
obtained with a more conventional type of 
bar such as the Webbert is not surprising; 
it should be remembered that an effort was 
made to produce unsound metal by using 
severe reducing conditions. We were interested 
in measuring the effect of phosphorus as a 
degasifier; necessarily, we had to have gassy 
metal with which to begin. We were not 
particularly interested in obtaining the best 
physical properties, but rather in discerning 
any changes in metal quality with changing 


phosphorus content. Had we been interested © 


in maximum tensile properties we would have 
used a bar like that recommended by Mr. 
LeBrasse, although, with our melting condi- 
tions, it is doubtful that full properties could 
have been realized. 

Secondary reasons for using the bar chosen 
were that it is well fed, eliminating shrinkage 
porosity as a factor in the tests; that it fur- 


. nished a conveniently sized specimen for 


specific gravity determinations and for some 
damping capacity tests that are not reported 
in this paper. 

The use of lithium to replace phosphorus 
as a deoxidizer and degasifier offers interesting 
possibilities and while that study was out 
of the province of this paper, it is a subject 
worthy of careful examination. 

Mr. Halliwell’s discussion of a possible 
reason for the increase in properties with 
small phosphorus contents is interesting. 
Since so little factual information exists on 
the complex equilibria involved here it is 
difficult to evaluate his explanations properly. 
It is known however that in other alloys small 
percentages of an element in solid solution 
tend to harden the metal and thereby increase 
physical properties. The reduction in tensile 
properties with higher phosphorus content 
appears to be caused by decreasing soundness 
of the metal, which may very well be due to 
higher hydrogen content, but may also be 
caused by changes in the solidification process 
produced by high phosphorus content. 
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Nickel-antimony-lead-copper Bearing Alloys 


By Joun T. Easo,* MEMBER A.I.M.E. 


(New York Meeting, October 1945) 


Dourinc the course of the war the supply 
of tin in this country has steadily decreased 
and a continued effort has been made since 
the beginning of the emergency to use 
alloys that are either tin free or contain 
appreciably lower quantities of it. Even 
with the use of emergency materials, the 
tin supply has become particularly acute, 
and it is estimated that after recovery of 
the far eastern mines probably one to two 
years will be required before our normal 
annual supply is attained. 

One of the major tin-consuming fields 
is the bronze industry. Recommendations 
were made several years ago by the War 
Production Board toward the use of 
bronzes of lower tin content and manga- 
nese bronze and yellow brass for the 
customarily used tin-bronze alloys. The 


substitution of 88-5-5-2 copper-nickel-tin- 


zinc for composition G received con- 
siderable attention before the war, and 
consequently this alloy and modifications 


4 of it have been adopted for some current 
structural and pressure castings requiring 


high mechanical properties. 

Another of the commonly used bronzes 
is the ro per cent tin, 10 per cent lead 
copper alloy for heavy-duty bearings. It 
has been known for some time that about 
2.5 per cent nickel could be substituted 
for an equal amount of tin with retention 
of equivalent casting and tensile properties ; 


Manuscript received at the office of the 
Institute Jan. 5, 1945; revised Aug. 24, 1945. 
Issued as T.P. 1937 in MretaLs TECHNOLOGY, 


December 1945. ; 
= Ren sech Mctalterzict, The International 


Nickel Co., Inc., Bayonne, 


however, it was desirable that a still 
greater conservation of tin be made. Conse- 
quently the present paper deals with the 
development of an alloy of low tin content 
that could be used for bearings. 


SELECTION OF COMPOSITION 


While the final criterion of the suitability 
of an alloy for a bearing must of course 
be determined by practical applications 
where all the ramifications of service con- 
ditions are encountered, certain short cuts 
in the initial selection of compositions are 
necessary to avoid an extensive and 
time-consuming investigation. The present 
program has been to match certain 
metallurgical properties of the 80-10-10 
bronze that have been shown by previous 
investigations to be related to good bearing 
qualities. Such properties as microstruc- 
ture, hardness, compressive yield strength, 
duttility, and castability have been con- 
sidered, and certain simple wear tests 
have been made. 

Of the readily assessed characteristics 
desired in a good bearing alloy, one can 
be certain that a uniform distribution of 
lead is required in a leaded bronze. It 
has generally been found that segregation 
of lead is one of the chief difficulties with 
this type of material. Tin has a powerful 
effect on lead distribution, and with ro 
per cent present produces a random dis- 
tribution of chunky particles, such as are 
shown in Fig. 1. In addition, the tin 
bronze contains the hard alpha + delta 
eutectoid constituent distributed through- 
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out the alpha matrix, and it has an impor- 
tant function in the bearing. 

A bearing must have reasonably good 
mechanical properties to withstand the 
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proved it slightly at 350°F. Alloying with 
I per cent antimony increased the wear 
resistance and the ability to withstand 
pounding, but decreased the toughness. 


Fig. 1. 10 per cent lead, 10 per cent tin. eched 
with acid ferric chloride. 


Fig. 2. 10 per cent lead, 2.5 per cent nickel. 
Etched with ammonium peroxide. 


FIGs. 1 AND 2.—MICROSTRUCTURES OF COPPER-ALLOY CASTINGS. X 300. 


service for which it is intended; i.e., suffi- 
cient compressive strength to support the 
load and adequate ductility to form a good 
seat. Likewise, the alloy must resist wear; 
so, to secure an indication of this property, 
wear tests of the lubricated Amsler 
type were made of the most promising 
compositions. 


PREVIOUS WoRK 


A perusal of the literature reveals that 
various attempts have been made to 
improve the structure and propertics of 
some of the commonly used bearing mate- 
rials. After a considerable amount of work 
at the National Bureau of Standards on the 
effects of alloy additions to 80-10-10 
bronze, Staples et al.! concluded that a 
2 per cent nickel addition refined the 
grain and improved the lead distribution 
and toughness. Nickel decreased the wear 
resistance at room temperature but im- 


1 References are at the end of the paper. 


Small amounts of phosphorus (0.05 per 
cent) were generally beneficial. Zinc had 
no appreciable effect. 

Herschman and Basil? found sulphur an 
aid in lead distribution in high-lead copper 
alloys, and after studying the effects of a 


wide variety of additions, they concluded. 


that a composition having about 35 per 
cent lead, 0.4 per cent sulphur, 0.8 per 
cent zirconium and o.6 per cent silicon 
had excellent wear-resistance properties. 

J. Dessent® found that the addition of 
2 per cent nickel improved the homogeneity 
of lead in 10 per cent lead bronze. 

In working with 30 per cent lead copper 
alloys, Wecker and Nipper‘ > found that 
segregation of lead occurred with 5 to 10 
per cent tin additions, whereas with 
5 per cent nickel as much as 4o per cent 
lead was retained. Cobalt additions were 
not beneficial; arsenic increased hardness 
and impact properties but lowered the 
bearing properties. They concluded that 
a 30 per cent lead, 2 per cent nickel, 5 per 
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cent maganese copper alloy had good 
frictional and shrinkage characteristics. 
Guertler and Menzel® found that with 
2.5 per cent nickel it was possible to secure 
miscibility up to 50:50 lead copper. 
Brinn’ reported that the substitution 


- of 3 per cent nickel for 2 per cent tin and 


I per cent copper in 80-10-10 gave higher 
hardness and a finer structure, but the rate 
of wear was greater than without nickel. 
Early in 1942, the Welland Iron and 
Brass Co., of Welland, Ontario, produced a 
bearing alloy containing 1o per cent lead, 
8 per cent nickel, 2 per cent antimony and 
balance copper, but information regarding 


its wearing properties is not available. . 


The present research verifies the usefulness 
of this type composition, as the final 
development is a modification of this alloy. 

Dayton, Gillett and Balch® recommended 
the use of a copper alloy containing ro 
per cent lead, 2.8 per cent tin, and 2 per 
cent antimony as a likely substitute for 
80-10-10 bronze. 

These references show in general that the 
addition of nickel to lead-copper alloys 
had a favorable effect on lead distribution 
and would thus serve a useful purpose. 
A check of this indication was made by 
comparing the microstructures of 10 per 
cent lead copper melts containing o to 
ro per cent nickel cast into bushings having 
9 -in. wall thickness and molded in green 
sand. The lead in the nickel-free heat was 
arranged in continuous intergranular films, 
while in the nickel-containing heats the 
lead films were interrupted to the extent 
shown in Fig. 2. There are numerous 
examples among alloys of the damaging 
effects of intergranular films in causing low 


strength and ductility; for example, the 


leaded copper alloy whose structure is 
shown in Fig. 2 will have only a tensile 


strength of about gooo lb. per sq. in. and 


only 5 per cent elongation, owing to the 
intergranular position of the lead. In the 
80-10-10 bronze, the lead is well dispersed 


and located in agglomerate form. Conse- 
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quently it seemed obvious that the struc- 
ture of the latter should be duplicated 
as near as possible to secure the same good 
combination of high mechanical properties 
and wear resistance. While the agglomera- 
tion of lead was started in the copper-lead 
alloys by the nickel addition, it was in- 
complete. In addition, the hardness of the 
nickel-lead-copper alloys was about 35 
Brincll as compared with 65 for the tin 
bronze. Obviously further improvement 
was needed. Consequently the effects of 
other alloy additions to the nickel-lead- 
copper base were investigated. 


OUTLINE OF EXPERIMENTAL PROCEDURE 


Induction-furnace melts were used in 
making the castings to be investigated. 
The order of melting was to melt down the 
copper and nickel together, oxidize the 
heat with 0.2 per cent cuprous oxide and 
several minutes later draw the heat back 
with 0.03 per cent phosphorus. This was 
followed by the addition of 1 per cent zinc 
and to per cent lead and any additional 
metals desired. A final deoxidation with 
0.05 per cent phosphorus was made and 
the melt was then poured into green-sand 
molds some 200°F. above the liquidus 
temperatures estimated from constitutional 
diagrams. Temperatures of the metal bath 
were measured with a bare Chromel- 
Alumel thermocouple. 

The castings employed consisted of a 
bushing for measuring castability, disks 
for wear tésts and cast-to-shape tensile 
bars. The bushing, 214 in. o.d. by 3¢ in. 
wall by 4 in. long, was “cast horizontally 
with a heavy riser in the cope at the gated 
end. Experience has shown that this 
casting gives a good indication of the 
feeding characteristics of a liquid metal and 
its ability to produce sections free of 
shrinkage. The as-cast wear disks were 
25-in. dia. by 5g in. thick, and were 
poured and fed through a central sprue. 
Tensile bars were cast to shape in a mold 
having four bars arranged horizontally 
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around a square, with a riser at each corner 
and a central pouring sprue gated into 
each riser, as illustrated in previous publi- 
cations. Compression specimens 0.505-in. 
dia. by 1 in. long were machined from the 
central portion of one of the bars. Samples 
for study of microstructure were cut from 
the wear disks. Examinations were made 
close to the wearing surface, since it is 
possible for the structure of leaded alloys 
to vary in different parts of a casting. 


EFFECT OF ADDITION ELEMENTS 


The effects of the various addition 
alloys on the hardness, fracture and micro- 
structure are summarized in Table 1. 
The 0.5 per cent zirconium addition had a 
partial agglomerating effect on the lead, 
but the alloy was soft, having a hardness 
of only 40 Brinell because of micro shrink- 
age. The 0.4 per cent sulphur, o.5 per cent 
zirconium alloy had a hardness of 52 
Brinell and contained intergranular lead 
and sulphide as well as massive particles. 

Bismuth and selenium did not produce 
globular lead. The selenium was associated 
with the lead, but both united to form 
continuous intergranular particles. Some 


TABLE 1.—Effect of Alloy Additions on 10 Per Cent Lead Copper 


Composition, 
Per Cent¢ Brinell 

Hardness 
Number 


Pb Ni Other 


10 0.5Zr 
boundary lead 
10 0.5Ca Po 2 

0. 5Li Tous 
10 
sive particles 
30 i 
10 
10 
lea 
10 
10 
10 
10 


Lead films 


ea 
10 


lead 
To”. 


ticles 


* Calculated. 
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Lead in Microstructure 


Some agglomerate lead; some grain 


Intergranular lead and sulphide. Mas- 
Massive intergranular lead 

Few lead particles 

Uniform distribution of agglomerate 
Lead films and agglomerate lead 


Massive intergranular lead and selenide 
Uniform distribution of agglomerate | Good 


Uniform distribution of agglomerate 


Uniform distribution of small lead par- 


lead sweat and intergranular films formed 
in the arsenic-containing alloy. 

The 30 per cent lead, 2 per cent nickel, 
5 per cent manganese alloy developed by 
Wecker and Nipper contained massive 
intergranular lead. Manganese did tend 
to agglomerate the lead in the 10 per cent 
lead alloy. 

From all these results, antimony ap- 
peared the most promising in dispersing 
the lead, and 1 per cent was quite effective. 
The hardness of these alloys was about 50 
Brinell, which is appreciably above that 
of the straight nickel-lead-copper alloys. 
The fractures of the bushings containing 
2.5 to 8 per cent nickel and 1 per cent 
antimony were sound, and the most 
satisfactory of those produced. Most of the 
others contained shrinkage as indicated 
in Table r. 
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WEAR TESTS 


It should be recognized that no single 
wear test will give an absolute measure of - 
wear resistance and any test will give only 
a comparison between materials under 
certain specific conditions. Consequently, 
when conducting wear tests in the labora- 
tory, the question invariably arises regard- 


Fracture of Bushing 


Considerable shrinkage 
Shrinkage and gas porosity 
Shrinkage and. gas porosity 
Much dross 

Lead sweat 

Heavy lead sweat 

Lead sweat—slight shrinkage 
Lead sweat—slight shrinkage 
Slight lead sweat and shrinkage 
Good 


Good 
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ing the interpretation of the results and 
their adaptability to practice. Fortunately, 
in their work at the Bureau of Standards, 
Herschman and Basil?:° found that Amsler 
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and in another they had lead-copper 
bearings tested at Wright Field in aircraft 
motors. With these experiences as a back- 
ground, 


the present investigation was 
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wear tests enabled them to make a selection 
of bearing compositions that showed up 
equally well in actual service conditions. 
In one case they worked with white-metal 
bearings and tested them in army trucks, 


patterned on Amsler wear tests conducted 
in a similar manner. 

This test employed a_ bearing-metal 
disk and a steel disk rotating against one 
another on their peripheries under a load of 


TaBLE 2.—Properties of Bearing Alloys 


Wear Test, 


Tensile Properties 


Compression 


Composition, Per Cent 240,000 Bane Yield, 0.5 
Revolu- 
ti Hardness E El Per Cent 
ions, Number xten- onga- | Compression 
Weight sion tion, under Load 
Loss, Mg. under | Per Cent 


| | | | 


35,300 17,600 18 19,700 
9,600 4,575 5 

14,125 8,075 5 

11,580 9,250 3 

20,140 | 13,250 6 13,550 

21,710 | I1,450 9 

25,000 | 13,000 9 

23,675 | 14,750 6 18,325 

28,200 | 21,300 4 22,875 

35,050 28,250 2 28,975 


@ Alloys also contain 1 per cent zinc; balance copper. 
+ Parentheses indicate calculated composition. 
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12 lb. To provide mild lubrication, a well 
of kerosene was placed under the bronze 
disk, so that the bearing dipped continually 
into the liquid and subsequently carried 
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any abrasive. The disks were thoroughly 
cleaned and weighed before each test and 
periodically during the run. 

The standard of comparison has been the 


Weight Loss ~Milligraras 


it up over the steel, which was S.A.E. 3140 
heat-treated to 330 Brinell. The bronze 
disk rotated at 440 r.p.m. and the steel 
disk about 10 per cent slower in the 
opposite direction, to provide the maxi- 
mum amount of slip. In preparing the test 
pieces, 2.325-in. dia. by 0.394 in. thick, the 
steel disks were given a fine grind finish 
and the bronze specimens were given a 
fine machine finish, to avoid including 


EON 
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80 copper, to tin, ro lead alloy, and during 
the course of the investigation three 
separate runs were made on two specimens 
of this analysis. The three curves are 
shown in Fig. 3; they agree quite well, 
and the maximum weight loss was about 
200 milligrams. » 

Upon considering in detail the wear data 
given in Table 2 and illustrated in Fig. 3, 
it is noted that 10 per cent lead copper with 
I per cent antimony or 2.5 per cent nickel 


- 
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alone was inferior to 80-10-10. Not until 
2.2 to Io per cent nickel and 1 per cent 
antimony were added -together did the 
with 2.2 


wear improve substantially; 
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0.9 to 1.4 kg. cm. Generally the materials 
of higher wear resistance developed lower 
torque. 

From the standpoint of wear resistance 


Fic. 5.—EFFECT OF TIN ON 10 PER CENT LEAD, 8 PER CENT NICKEL, I PER CENT ANTIMONY COPPER. 


to 8 per cent nickel, wear resistance superior 
to 80-10-10 was obtained and at the 10 


per cent nickel level the wear was equal. 


Raising the antimony to 1.4 per cent 
caused an increase in the wear loss; it 
appears that an addition of 1 per cent is 
preferable. 

The wear of the mating steel disk in 
every case was extremely low, so that it 
need not be considered. The torque 


developed was also very low, being only 


alone, the bearing containing 2.2 per cent 
nickel, 1 per cent antimony, ro per cent 
lead would be superior to 80-10-10; how- 
ever, consideration of mechanical prop- 
erties leads one to sclect a higher nickel 
content, as shown in Fig. 4. The addition 
of nickel increased the yield strength of 
the antimony bronze, so that with 8 per 
cent nickel, 1 per cent antimony, Io per 
cent lead, values were obtained that were 
about 70 per cent those obtained with the 


6-8.—MICROSTRUCTURES OF COPPER- 
ALLOY CASTINGS. X 300. 
Etched with ammonium peroxide. 

Fig. 6. 10 per cent lead, 1 per cent antimony. 
Fig. 7. 10 per cent lead, 8 per cent nickel, 
I per cent antimony. 

Fig. 8. 10 per cent lead, 8 per cent nickel, 

I per cent antimony, 3 per cent tin. 
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10 per cent tin ro per cent lead bronze. 
Increasing the nickel and antimony still 
further was effective in raising the tensile 
strength, but, as mentioned before, was 
detrimental to the wear resistance. 

While this material undoubtedly would 
find use in applications requiring excellent 
wear resistance, limitations would be 
imposed by the sacrifice in yield strength. 
Consequently, to bolster this weakness, 
additions of 1 to 5 per cent tin were made 
and the results given in Fig. 5 were 
obtained. The tensile and yield strengths 
of the nickel alloy increased directly with 
tin additions up to 5 per cent and still 
maintained excellent wearing properties; 
however, the ductility became lower. The 
yield in compression also increased with 
the tin content. 

It is concluded that in order to match 
the yield strength of the 80-10-10 bronze 
in either tension or compression, approxi- 
mately 2 per cent tin must be added to the 
8 per cent nickel, 10 per cent lead, 1 per 
cent antimony composition. Although the 
ductility is less, it is sufficient for many 
bearing applications, and since the wear 
resistance of the new alloy is superior to 
the older bearing alloy, it should find its 
place in industry. 


MICROSTRUCTURE 


In the to per cent lead, 2.5 per cent 
nickel copper alloy, the intergranular for- 
mation of the lead was partially disrupted 
(Fig. 2) and with 1 per cent antimony 
alone, the dispersion of the lead had pro- 
ceeded still further (Fig. 6). When the 
two metals were added in combination, 


further change occurred. The lead was | 


more finely dispersed and a new phase 
appeared, which increased with the nickel 
content (Fig. 7). The new phase was 
probably a copper-nickel-antimony com- 
pound containing some lead. The copper- 
antimony and nickel-antimony systems 
are somewhat similar in that both copper 
and nickel retain about 8 per cent antimony 
in solid solution and above this amount 
form compounds. Apparently the addition 
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of nickel reduced the solubility of antimony 
in copper and caused the precipitation of 
the compound. It is also possible that the 
new phase contained some lead. 
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since castings from both melts had high 
rates of wear. The microstructure showed 
that superheating promoted the formation 
of intergranular lead films (Fig. 10), 
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Fic. 9.—EFFECT OF SUPERHEATING ON WEAR OF IO PER CENT LEAD, 8 PER CENT NICKEL, I PER CENT 
ANTIMONY COPPER. 


The addition of tin resulted in the for- 
mation of finely dispersed theta, which 
appears gray in Fig. 8. This constituent 
precipitated from solid solution during 
cooling and was located in the inter- 
dendritic areas of high tin content. Ap- 
parently this cored structure was the 
reason for the decrease in ductility. 


Errect oF MELTING TEMPERATURE 


In order to put the new alloy into 
practice it was necessary to determine 
how it would be affected by some of the 
usual production variables. Since a very 
common one would be melting temperature, 
two melts of 8 per cent nickel, 1 per cent 
antimony, 10 per cent lead, balance 
copper were heated to 2370°F., which was 
rso°F. above the normal level. Part of 
each was cast into disks at the high tem- 
perature and the remainder was then 
cooled to the normal temperature and 
poured. It is evident from Fig. 9 that 
‘superheating of this alloy is to be avoided, 


Fic. 10.— CAST ALLOY, 10 PER CENT LEAD, 
8 PER CENT NICKEL, I- PER CENT ANTIMONY 


COPPER. X 300. 
Superheated to 2370°F. during melting. 


Etched with acid ferric chloride. 

which undoubtedly contributed to the 
poorer wear resistance. Heating tem- 
peratures during melting, consequently, 
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should be limited to about 2250°F. and 
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inferior to the sand castings. Chilling 


the pouring temperature determined by produced a very fine microstructure 


the section being cast. 


Weight Loss ~ Milligrams 
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(Fig. 12). Apparently a uniform distribu- 
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Fic. 11.—EFFECT OF CHILL AND SECTION SIZE ON WEAR OF 10 PER CENT LEAD, 8 PER CENT 
NICKEL, I PER CENT ANTIMONY COPPER 


EFFECT OF SECTION AND CHILL 


To determine the effect of section size, 
castings of 2}4-in. dia. were made, having 
thicknesses of 14, 1 and 2 in. All were 
poured through the central riser. A 14-in. 
thick disk having a chill around the 
periphery was also cast from the same 
heat. This melt was heated and poured 
at the standard temperature of 2225°F. 

As shown in Fig. 11, all the sand-cast 
specimens had low wear. The r-in. section 
was equal to 80-10-10 and the other two 
were much superior, so that it should be 
possible to cast the alloy in various sizes 
and expect good wearing properties. 

To check the indicated high wear rate 
of the chill casting, a second melt was 
made, part was cast into a chill mold and 
the rest into a sand mold of 14-in. section. 
These results confirmed the earlier work 
and show that the chilled material was 


tion of comparatively coarse particles is 
desirable in nickel-antimony-lead bronze 
for best wear resistance. 


CASTING CHARACTERISTICS 


Shrinkage—To develop additional in- 
formation on the casting characteristics 
of the alloy, shrinkage cylinders were made 
and sectioned following the practice 
used by Pilling and Kihlgren! in their 
investigation of shrinkage. These cylinders, 
cast with the cylindrical axis horizontal, 
were 314-in. dia. by 3% in. long, and 
were gated through a horn gate. No risers 
were attached. A melt containing 10 per 
cent lead, 8 per cent nickel and 1 per cent 
antimony was made and allowed to cool 
until it started to solidify. It was then 
reheated and cylinders were poured ‘50° 
and 150°F. above the liquidus. 

Both castings formed an external pipe 
in the cope. This characteristic is a desirable 
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one, as compared with the internal pipe, 
which is difficult to feed. The external 
pipe can be taken care of by adequate 
risers. 

Effect of Sand.—Sound castings could be 
readily produced in ordinary green sand; 
however, in the production of bushing 
stock, it is customary to use a core. It is 
here that some difficulty was encountered. 
Cores that employed oil. cereal or resin 
binders invariably caused a thin layer of 
sub-skin porosity. This trouble was elimi- 
nated by the use of a cement-bonded core, 
which is a practical solution of the problem, 
for they are easily produced and require no 
baking. The mixture used contained 12 
per cent Portland cement, 5 per cent water 
and balance silica sand. After molding, 
the core was allowed to stand 24 hr. in a 
moist atmosphere, to allow it to set and 
become hard. It was then placed in the 
green-sand mold. 


CONCLUSIONS 


Based upon microscopic examinations, 
compression tests and lubricated Amsler 
wear tests, the following conclusions are 
made: 

1. A copper-base alloy containing 8 
per cent nickel, 1o per cent lead, 2 per 
cent tin and 1 per cent antimony would 
appear to be a promising substitute for 
the 80 per cent copper, 10 per cent tin, Io 
per cent lead bearing bronze when used in 
the sand-cast condition. The _ nickel- 
antimony-bronze has superior wearing 
qualities, equivalent compressive yield 
and lower ductility. 

2. In applications designed for lower 
bearing pressures, the tin can be omitted 
from the nickel-antimony bronze and an 
alloy is obtained that has very high wear 
resistance, but the yield point is about 30 
per cent lower. 

3. The wear resistance of the nickel- 
antimony-lead bronzes investigated was 
related to the microstructure. Highest 
properties were obtained with lead in a 
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random dispersion and the presence of 
an antimony-containing compound. Inter- 
granular lead films caused high wear. 


4. In producing the alloy, excessive 
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Fic. 12.—CHILL-CAST ALLOY, 10 PER CENT 


LEAD, 8 PER CENT NICKEL, I PER CENT ANTI- 
MONY COPPER. X 300. 
Etched with ammonium peroxide. 


melting temperatures should be avoided 
and castings should be made in green 
sand or cement-bonded core sand. Chill- 
cast sections of the alloy had less wear 
resistance than others. 
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DISCUSSION 
(P. A. Beck presiding) 


J. K. AntHony.*—In looking over the 
data on Table 2, and as the author himself 
comments, there is a terrific difference in the 
wear tests with a rather small change in anti- 
mony content. The fifth alloy listed in Table 2 
gives a weight loss of 50 mg., whereas the 
seventh gives a weight loss of 372 mg. The 
only appreciable difference between these 
two alloys was in 0.44 per cent of antimony. I 
believe that this range of alloy composition 
should be studied in a more detailed manner 
and actual limits for the antimony content 
should be established. 


F. R. Hensev. +—Were microhardness meas- 
urements made of the different constituents 
in the structure and compared with the Brinell 
hardness of the sand-cast material ? 


J. T. Easn (author’s reply).—No micro- 
hardness measurements were made. 


F. R. HENsEL.—How did the hardness of the 
chill-cast and a sand-cast alloy compare? 


J. T. EAso.—The hardness of the material 
in the two conditions was about the same. 
The sand-cast hardness was 50 Brinell and 
the chill-cast wear disk was 57 Brinell. 


A. I. BLANK. {—Were any special variations 
noted because of differences in temperature 
or differences in moisture content of the air 
' throughout the tests? The amounts of wear 
in weight loss seem rather large and the ques- 
tion arises as to whether true wear or some- 
thing of a galling or scoring action was obtained. 


J. T. Easn.—All of the wear tests were 
conducted at room temperature. Temperature 


at Cleveland Graphite Bronze Co., Cleveland, 
io. 

+ Consulting Engineer, P. R. Mallory & Co., 
Indianapolis, Indiana. 
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measurements of the rotating disks were not 
made during the test for it was thought the 
cooling action of the kerosene lubricant would 
eliminate their necessity. Variations in the 
moisture content of the air probably had a 
negligible effect on these tests because of the 
kerosene lubricant that covered the speci- 
mens at all times. 

No galling or scoring was encountered in 
these specimens and all tended to develop a 
glossy surface. 


F. R. HeENsEL.—What was the surface con- 
dition of the steel disk? 


J. T. Easo.—The steel disk was given a 
fine-grind finish, using a Norton 38120-J wheel. 


F. R. HeNseL.—Did you measure the quality 
of the surface finish? 


J. T. Easa.—Surface finish measurements 
were not made, but all the steel disks were 
ground with the same abrasive wheel to 
make the tests comparative. 


G. P. Hattiwetrt.*—My discussion is 
mostly in the form of questions. The first 
one has a bearing also on the paper by Bever 
and Floe (p. 128). 

What information can be given concerning 
the melting conditions? What is meant by 
the term ‘‘castability’’? It has been mentioned 
in specifications without any clear definition. 
Is there any explanation as to why superheating 
gives the lead structure mentioned? Is it the 
effect of superheating, per se, or the effect of 
the change in the cooling rate as a result of a 
greater quantity of heat in the surrounding 
mold material? 

I would like to add a word of warning con- 
cerning the use of these test results based on 
kerosene as a lubricant. Because an alloy 
may show good results with kerosene does 
not necessarily mean it will behave likewise 
under an oil lubricant. I think we must be a 
little hesitant about translating a set of 
results to other conditions of higher pressure 
and speeds with oil as a lubricant. , 

The lead particle size and its distribution, 
especially if the metal shows marked columnar 
crystallization, may modify the mechanical 


* Director of Research, H. Kramer and 
Co., Chicago, Illinois. 
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properties materially. Has the author noted 
any difference in wear as influenced by such 
conditions? 


J. T. Easo.—The alloys were melted in an 
induction furnace in an unlined clay graphite 
crucible. Complete details of operations are 
given on page 173. ; 

In describing the “‘castability” of an alloy, 
one must consider a number of factors. To be 
considered good in this respect, the metal 
should pour clear from the crucible without 
the formation of detrimental films on the 
metal stream. It needs sufficient fluidity to 
fill the mold and should solidify quietly 
without the formation of laps or folds and 
internal shrinkage. The bearing alloys de- 
scribed are good in these respects and form an 
external pipe on solidifying. 

The distribution of the lead has an important 
influence on the wear characteristics. Chunky 
particles produce good results, whereas the 
occurrence of intergranular films such as are 
caused by superheating should be avoided. 
The detrimental effect of superheating is 
not due to a change in the cooling rate of the 
casting as a result of a greater quantity of 
heat in the surrounding mold material; because 
the superheated metal that was cooled to the 
normal melting temperature, 2225°F., before 
pouring, had poor wearing characteristics. 
The formation of the narrow intergranular 


lead films as compared with the chunky lead 


particles is probably related to the temperature 
of the separation of liquid lead from the melt 
during the solidification cycle. Veszelka'® 
shows that in leaded bronzes, liquid lead 
separates from the melt over a range of tem- 
perature before the copper-tin part of the 
alloy is completely solidified. A decrease in this 
temperature range of lead separation to cause 
the liquation to occur at the time of final 
solidification would produce the intergranular 
effects noted. 


G. Epmunps.*—I should like to ask what 
effect these bearings have on the journals. 
There are several constituents in the micro- 


2J. Veszelka: Mitt. Berg-Hutt. Abt., 
Hockschule Berg und Forstiv, Sapron (1932) 
4, 162. 
* * American Brake Shoe Co., Mahwah, New 


Jersey. 
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structure that are not present in the straight ® 
80-10-10. : 


P. A. Becx.*—Dr. Eash investigated the 
effect of alloy composition and of chill on the 
structure and on the wear resistance of leaded 
bronze sand castings. One of his conclusions, 
based on the Amsler wear test, was that 
intergranular lead films caused high wear and 
are detrimental. 

The majority of the copper-lead automotive 
bearings are made by continuously casting 
the alloy on one side of a horizontal steel 
strip and by cooling extremely fast as com- 
pared with a sand casting. 

Copper-lead aircraft bearings are made by 
casting into individual steel shells, but here . 
too the solidification is very rapid in com- 
parison with sand castings. The lead dis- 
tribution is interdendritic. This is also true 
for the strip-cast bearings. In such bearings 
the interdendritic lead distribution is not 
considered detrimental. In fact, it is the one 
most commonly desired. 

In the manufacture of bearings for auto- 
motive and aircraft-engine use, the Amsler 
wear test is not used at all, as far as I know, 
because the conditions obtaining in the Amsler 
wear test do not resemble the conditions of a 
bearing in a gasoline or diesel engine. 


J. T. EasH.—The comments by Mr. Beck 
on the chill casting and structure of high-lead- 
copper aircraft-bearing alloys are of interest. 
These alloys contain a considerably greater 
quantity of lead than the nickel-antimony 
bronzes and probably behave differently under 
a given set of conditions. We have found 
from our Amsler tests that various alloys 
respond differently; i.e., some are impaired by 
chill casting while others are equally as good 
chilled or sand cast. So what may be con- 
sidered good or bad for one alloy may not 
apply to another. : 

A distinction should be made between 
normal interdendritic lead and intergranular 
films as used in this paper. Usually lead occurs 
in an interdendritic pattern, since it is the 
last constituent to freeze in the bronze. 
When it is arranged in chunky particles, it 
has the desired form. However, if it separates 


* Cleveland Graphite Bronze Co., Cleve- 
land, Ohio. 
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*in thin films around the dendrites, particu- 
larly around the dendrite family grains, it 
has a large surface area and has a weakening 

i effect out of proportion to the quantity present. 
. This condition caused high wear. 

It is believed that the nickel-antimony-lead 
bronzes will not have an injurious effect on 


the usual cee materials. In the ‘Amsler 
wear test, the steel showed practically no weary 
Some of the tin-free material has given satis-— : 
factory service in commercial applications — 
using sand-cast bushing bearings in suc 
places as paper mills, winches, hoists and 
motor boats. . 
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Physical Properties of Copper-manganese-zinc Alloys Containing 
60 Per Cent Copper and 5 to 25 Per Cent Manganese 


By R. S. DEAN,* AND J. R. Lonc,} Members, T. R. GRAwAM,{ JUNIOR MEMBER A.I.M.E., anD 
R. G. Feustert 


(Chicago Meeting, February 1946)] 


THE comprehensive study of the copper- 
manganese-zinc alloy system in the Bureau 
of Mines Laboratories has so far been 
principally concerned with alloys that 
lie within the alpha solid solution field 
of the system. Two regions, one centering 
about 65 per cent copper, Io manganese 
and 25 zinc, and the other centering 
about 70 per cent copper, 20 manganese, 
to zinc, have been carefully examined.}? 
These have indicated that when the alloys 
are made with electrolytic manganese 
considerable amounts may be readily 
introduced and that the strength and 
hardness are increased without excessive 
losses in ductility. In the course -of the 
work of establishing the limits of the alpha 


solid solution range,? enough of certain 


of the alloys was prepared to permit deter- 
mination of their physical properties at a 
future date. The 60 per cent copper alloys 
concerned here are part of that series. 
They cross through the alpha field and 
into the adjacent alpha plus beta and alpha 
plus X fields, and are of interest because 
they offer some information on the effects 
of manganese on alloys lying in these fields. 


Manuscript received at the office of the 
Institute July 26, 1945. Issued as T.P. 1956 in 
METALS TECHNOLOGY, January 1946. 

- Published by permission of the Director, 


‘Bureau of Mines, U. S. Department of the 


Interior. 
* Assistant Director, Bureau of Mines, U.S. 
Department of the Interior, Washington, D. & 
+ Metallurgist, Metallurgist, and Physicist, 
respectively, Bureau of Mines, Salt Lake City 
Division, Metallurgical Branch, Salt Lake City, 


1 References are at the end of the paper. 


COMPOSITION AND FABRICATION OF ALLOYS 


The chemical composition of the alloys 
involved is given in Table 1. They were 
intended to contain 60 per cent copper with 
manganese increasing from 5 to 25 per 
cent in 5 per cent steps and zinc decreasing 


TABLE 1.—Chemical Composition of Alloys 


Studied 
PER CENT 
Noah eee dine eal ar Feran, Bi 
17 60.1 5 35.1 | (0.04) 0.008) . Nil 
18 60.5 9.8 29.8 | 0.02 | 0.005] Nil 
19 60.5 14.6 25.0 | 0.02 | 0.005] Nil 
20 60.2 19.5 20.5 | 0.02 | 0.005] Nil 
21 59.7 24.8 15.0 | 0.02 | 0.005] Nil 
H936 | 60.6 | 28.8 | 10.7 ; 
Do34 | 59.3 350k 5.4 | 0.05 | 0.02] Nil 


from 35 to 15 per cent. The analyses are 
so close to the intended composition that 
the alloys will be referred to hereafter 
by their nominal compositions. They 
were finished into sheet by cold-rolling 
and intermediate annealing procedures 
calculated to produce sheet 14¢ in. thick, 
cold-reduced by 20, 40, 60, and 80 per cent 
in thickness. Physical properties were 
determined on standard flat tensile speci- 
mens with 4-in. gauge length, although 
the test gauge section used was 2 in. 
The properties were obtained on cold- 
worked material and on material annealed 
at temperatures ranging from 700° to 
1s00°F. after 60 per cent cold reduction. 
Since an annealing temperature of 1200°F. 
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was used for all intermediate annealing 
in fabrication of the sheet, the material 
representative of the zero per cent cold- 
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obtained by quenching specimens of the 
alloys containing 5, 10, 15, 20, 25, 28.8, 
and 35 per cent manganese after 30 min. 


Fic. 1.—SECTION THROUGH COPPER-MANGANESE-ZINC TERNARY SYSTEM AT 60 PER CENT COPPER. 


work state was also annealed at this 
temperature. 


THE QUASI-BINARY SYSTEM AT 
60 PER CENT COPPER 


The quasi-binary system for alloys 
with a constant copper content of 60 per 
cent and with manganese varying from 
o to 40 per cent is given in Fig. 1. This 
diagram is drawn chiefly from metallo- 
graphic data previously reported by these 
laboratories.* Placing of the solidus re- 
quired some additional data which were 


at successively higher temperatures and 
examining for evidence of melting. The 
highest temperature to which they could be 
heated without microscopic signs of melting 
was taken as the solidus. In most cases 
visual evidence of melting agreed with 
microscopic examination. 
Experience with the sluggish copper- 
manganese alloys‘ has shown this approach, 
if carefully carried out, to be more reliable 
than the conventional thermal analysis. 
All specimens were heated in a purified 
helium atmosphere, and although some 
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FIG. 2.—35 PER CENT MANGANESE ALLOY QUENCHED FROM 1560°F. X 250. 
Fic. 3.—35 PER CENT MANGANESE ALLOY QUENCHED FROM 1570°F. X 250. 


Fic. 4.—15 PER CENT MANGANESE ALLOY QUENCHED FROM 15 50°F. X 250. 
Fic. 5.—15 PER CENT MANGANESE ALLOY QUENCHED FROM I 560 F. X_ 250. 
Fic. 6.—s5 PER CENT MANGANESE ALLOY AFTER 48 HOURS AT 550 F. X 500. 
Fics 7.—10 PER CENT MANGANESE ALLOY AFTER 48 HOURS AT 550 F. X 500. 
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Figs. 2 and 3 are characteristic of the 
alpha solid solution alloys after 30 min. 
just above and below the solidus. The 
change from the typically twinned struc- 


difficulty was encountered with certain 
compositions the results were quite satis- 
factory and sufficiently accurate for the 
purpose. The instability of the beta phase 


PERCENT ELONGATION, STRENGTH 1000 PS.,HARDNESS ROCKWELL B 


PERCENT MANGANESE 


Fic. 8.—PROPERTIES OF ALLOYS CONTAINING 60 PER CENT COPPER, 0 TO 25 PER CENT MANGANESE, 
BALANCE ZINC, ANNEALED AT 1200°F. 


FIG. 9.—60-40 BRASS ANNEALED ONE HOUR AT 1200°F, WATER QUENCHED. X 250. \ 
FIG. 10.—5 PER CENT MANGANESE ALLOY ANNEALED ONE HOUR AT 1200°F. WATER QUENCHED. 
X 250. 


leading to the formation of alpha needles 
or massive transformation to alpha and 
the structures resulting from the peritectic 
reaction interfered with the typical signs 

of melting in some of the alloys, and for 
these visual indications of melting were 
taken as the criteria. 


ture to a dendritic type illustrates very 


‘clearly the crossing of the solidus line 


and places the beginning of melting 


_ between 1560° and 1570°F. The structures 


shown in Figs. 4 and 5 are those of the 
I5 per cent manganese alloy at tempera- 
tures above and below the solidus for that 
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composition. The dendrites of Fig. 5 are 
not as well developed as those of Fig. 3 
but definitely indicate melting at 1560° 
although not at 1550°F. Some of the other 
specimens gave visual signs of melting 
at temperatures below those producing 
definite microscopic indication and for 
these specimens the lower temperature 
was taken as the solidus. 

The solidus points for zero manganese 
and for zero zinc are taken from published 
data on the copper-zinc and _ copper- 
manganese systems.>* Since no attempts 
were made to determine the liquidus or the 
peritectic points, these are not included 
in this diagram. The spread of the alpha- 
beta field at the solidus is, however, some- 
what less than that suggested by Heusler, 
and while the data on the solidus deter- 
mined by Heusler® and by Bauer and 
Hansen’ do not cover this region to permit 
direct comparison, they are in general 
agreement with the trends indicated. 

The X constituent indicated in the 
previous report on the alpha field has 
been found to have a face-centered cubic 
lattice with a parameter varying from 
about 6.90 to 6.99 A. The present data 
are not sufficiently complete to define 
this phase more precisely at this time, but 
its varying parameter and its appearance 
under the microscope indicate that it is a 
three-component secondary solid solution, 
which occurs near the center of the dia- 
gram. Its occurrence, particularly in 
association with alpha and beta in the 
s per cent alloy, indicates that it cor- 
responds to Bauer and Hansen’s zeta and 
Heusler’s epsilon in that region. It is 
designated in Fig. 1 as zeta rather than X 
and will be so referred to in this report. 

The positions of alpha plus alpha- 
manganese, alpha plus alpha-manganese 
plus zeta, and alpha plus beta plus zeta 
fields are indicated by dotted lines. The 
first two are relatively narrow areas, which 
have not been definitely positioned, and 
only the third area, alpha plus beta plus 
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zeta, is significant for present study. The 
5 per cent alloy is the only one to enter 
this field and does so only below 700°F. 
The microstructure of this alloy after 48 hr. 
at 550°F. following a “solution” treat- 
ment of 24 hr. at 800°F. is shown in 
Fig. 6; the zeta phase occurs in the grain 
boundaries of the alpha phase and dis- 
persed’ throughout the beta phase. A 
similar treatment of the 10 per cent 
manganese alloy, as shown in Fig. 7, did 
not develop the beta phase but produced 
only the alpha solution with the zeta 
constituent as an intergranular precipitate. 
The boundary for this field is therefore 
indicated between 5 and tro per cent 
manganese. 


PHYSICAL PROPERTIES OF ANNEALED 
MATERIAL 


The tensile properties of the alloys 
after cold-working, annealing at 1200°F. 
for 1 hr., and water quenching, are plotted 
in Fig. 8 as a function of manganese 
content. The proportional limits given in 
this chart correspond to the stress required 
to produce a o.o1 per cent offset from the 
modulus line and the yield strength 
corresponds to that for a o.2 per cent 
offset. The properties for zero per cent 
manganese (60-40 brass) were taken from 
the charts of Wilkins and Bunn.’ They 
apply to o.o4o-in. strip with a grain size 
of 0.045 mm. after annealing at 1200°F. 

The decrease of properties with increas- 
ing manganese content above 5 per cent 
is at first glance surprising, but can be 
readily understood from a consideration 
of the psuedo-binary system in Fig. 1. 
At 1200°F. the 5, 10, and 15 per cent 
alloys are in the alpha plus beta field. 
This is evident from the microstructure of 


' Figs. 9 to 14, which also permit an estimate 


of the relative amounts of the phases 
present. These structures show a slight 
decrease in the amount of beta with the 
first 5 per cent of manganese, a greater 
decrease with 10 per cent manganese, and 


Igo 


only a trace with 15 per cent manganese. 
At 20 and 25 per cent manganese the alloys 
are, single phase (alpha solid solution). 
The maximum strength of 66,500 lb. 
per sq. in. with 39 per cent elongation 


II 
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phase and to some extent by the increasing 
grain size of the alpha groundmass. The 
minimum tensile strength of 55,000 Ib. 
per sq. in. with 17,000 lb. per sq. in. yield 
strength and so per cent elongation occurs 


BF 


Fic. ESE ALLOY ANNEALED ONE HOUR AT 1200°F. WATER QUENCHED. 

FIG. 12.—15 PER CENT MANGANESE ALLOY os ONE HOUR AT 1200°F. WATER QUENCHED. 

FIG. 13.—20 PER CENT MANGANESE ALLOY ee ONE HOUR AT 1200°F. WATER QUENCHED. 

Fic. 14.—25 PER CENT MANGANESE ALLOY Reet a ONE HOUR AT 1200°F. WATER QUENCHED. 
X 250. 


occurs in the 5 per cent manganese alloy. 
As this alloy has about the same amount 
of beta as the 60-40 brass, its higher 
strength must be due chiefly to the 
manganese in the alpha phase, since this 
is the continuous phase. The decreasing 
strength with higher manganese is caused 
by the decrease in the amount of the beta 


in the 20 per cent manganese alloy, which 
is single-phase alpha under these condi- 
tions. Typical published properties for a 
65-35 brass, about the highest zinc 
content brass that will be single phase 
under these conditions, are 42,000 lb. 
per sq. in. tensile strength, 10,000 lb. 
per sq. in. yield strength, and 70 per cent 
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elongation in 2 in. for material annealed 
at 1200°F. and having a grain size equiva- 
lent to that of the manganese alloy. These 
properties are well below those of the 
manganese alloy and indicate the strength- 
ening effect of manganese on the alpha 
solid solution. The addition of more man- 
ganese produces slightly greater strength 
without decreasing the elongation, as 
shown by the properties of the 25 per cent 
manganese alloy. 


IgI 


increased as the amounts of beta. phase 
decreased. 


EFFECT OF COLD-WORKING 


Physical properties of the alloys in the 
various stages of cold-work are given in 
Table 2. Data for the 5 per cent and 25 
per cent manganese alloys are also plotted 
in Figs. 15 and 16 as a function of reduction 
in thickness by cold-rolling. As might be 
expected from Fig. 8, the 5 per cent alloy 


TABLE 2.—Variation in Physical Properties with Cold-rolling 


: Yield c , 
Percentage Cold Ultimate Proportional | Elongation, 
of Mn in Reduction Strength Ps deer Joa” x Limit, Per Cent oe 
Alloy Per Cent Lb. per Sq. In. oe Ofttet *| Lb. per Sq. In. in 2 In. 
° 67,200 27,200 19,000 39 61 
20 82,000 73,000 55,000 16 90 
5 40 98,000 84,500 60,500 6 96 
60 105,000 93,500 62,000 4.6 98 
80 I15,000 103,000 75,000 3.0 102 
O 62,600 26,600 16,900 37.8 54 
20 78,500 70,500 54,000 Io.1 88 
5 ae) 40 95,000 86,500 66,500 4.6 96 
60 106,000 97,000 69,000 PAG 100 
80 116,000 106,000 72,000 Ae) 102 
() 56,000 18,100 13,400 45 38 
20 74,400 66,600 54,000 I4. 85 
15 40 92,000 85,600 65,000 5 94 
60 100,700 96,100 69,100 43-4 98 
80 I10,000 104,000 75,000 3.0 100 
Mg ° 55,500 17,700 13,000 50.5 37 
20 68,500 57,000 43,000 19.5 82 
20 40 86,200 82,100 63,500 4.6 92 
60 97,600 91,500 67,000 3.6 96 
80 108,000 IOI,500 70,000 3.4 100 
to) 57,900 19,300 14,500 51 44 
: 20 72,000 61,500 44,000 14 84 
25 40 92,600 88,000 71,500 4.3 94 
60 102,500 97,900 69,500 ie 97 
z 80 109,500 103,000 73,000 2.9 100 


The hardness curve follows the same 
general trend as the tensile strength, 
showing a maximum at 5 per cent man- 
ganese and a minimum at 20 per cent. 


_ The steeper gradients of the hardness 


curve suggest that in the ranges concerned 
hardness is more sensitive than tensile 


strength to changes in composition. 


The effect of manganese on grain size 
cannot be evaluated from these data 
because of the presence of the beta phase 
in the first three alloys, but it should 
be noted that the size of the alpha grains 


exhibits the highest strength and hardness 
in all stages of the working. All five of the 
alloys, however, show about the same rate 
of work-hardening and approach strengths 
of 105,000 to 115,000 lb. per sq. in. with 
80 per cent cold-work. The 20 and 25 
per cent manganese alloys have, of course, 
the highest elongation in the zero cold- 
worked state and still have 20 per cent 
elongation after 20 per cent cold-rolling, 
while the 5, 10, and 15 per cent manganese 
alloys range between 1o and 16 per cent 
elongation after 20 per cent cold-work. 


1g2 


There is, however, very little difference 
in elongation between any of the alloys 
beyond 4o per cent reduction. In the alloys 
composed of a mixture of alpha and beta 
solid solutions, the proportional limit and 
yield strengths increase rapidly with the 
first 20 per cent cold-work and then more 
slowly with additional working. In the 20 
and 25 per cent alloys, however, the 
proportional limit and yield strengths 
increase rapidly and at about the same 
rate up to 4o per cent cold-work and then 
increase more slowly. The significance of 
this difference between the working of the 
alpha solid solution and the mixture of the 
alpha and beta solid solutions is not clear. 
It is noteworthy that the 5 per cent 
manganese alloy can be cold-worked to 80 
per cent reduction in thickness not- 
withstanding the presence of about 50 
per cent beta solid solution. This indicates 
that manganese has not embrittled the beta 
phase and does not impair its working 
qualities. In all of the alloys the hardness 
curves show the same pattern, a rapid 
increase for the first 20 per cent cold-work- 
ing and then a slower increase for additional 
cold-working. A maximum hardness of 102 
Rockwell B is obtained with 80 per cent 
cold-work in the 5 and to per cent man- 
ganese alloys. The other three reach 
Rockwell B-100 with this same amount 
of cold-working. 


Errect oF ANNEALING TEMPERATURE 
ON PROPERTIES OF COLD-WORKED 
ALLOYS 


The properties obtained on material 
annealed at temperatures ranging from 
400° to 1500°F. after 60 per cent reduction 
in thickness by cold-rolling are given in 
Table 3. Data for the 5 per cent and 25 
per cent manganese alloys are also plotted 
as a function of annealing temperature in 
Figs. 15 and 16. The specimens for this 
work were held at temperature for one 
hour and water quenched. The curves for 
the 5 per cent alloy are representative 


“ ee sy | an he pt ae ee 
‘ > 


PHYSICAL PROPERTIES OF COPPER-MANGANESE-ZINC ALLOYS 


of the changes that occur in the range of 
5 to 15 per cent manganese and show 
decreasing strength and hardness and 
increasing elongation as the annealing 
temperature increases to 1000° or 1100°F. 
These changes correspond to normal relief 
of strain and recrystallization followed by 
grain growth and are further conditioned 
by the increasing amount of the alpha 
solid solution, which reaches a maximum 
in about this temperature range. The 


‘temperature at which maximum elonga- 


tion occurs corresponds to that for mini- 
mum strength and hardness. Beyond this 
temperature the hardness and strength 
increase and the elongation decreases, 
owing to the formation of increasing 
amounts of the beta phase. This is best 
shown by the 5 per cent manganese alloy 
where the trend is maintained up through 
1400°F. This alloy annealed at 1500°F. 
should show similar results, but the 
tensile strength drops off markedly because 
of the decomposition of the beta phase 
on quenching from the annealing tempera- 
ture. The beta solid solution of this 
composition is not stable and cannot be 
retained by quenching. The properties, 
therefore, are intermediate between those 
corresponding to beta and alpha. The 
decomposition of the beta solution also 
affects the properties of the 10 and 15 
per cent manganese alloys annealed at 
temperatures beyond 1300°F. From 1100° 
to 1300°F. the hardness and strength are 
increasing but they drop off after higher 
temperature treatment, owing to the 
transformation of the beta during the 
cooling. This transformation is not directly 
reflected by the elongation curves, because 
of the transformation of considerable beta 
to the needlelike formation of the alpha 
phase. Representative microstructure of 
the 15 per cent alloy quenched from 1400° 
and 1500°F, are given in Figs. 17 and 18. 
They illustrate the decomposition of the 
beta solid solution and the formation of 
the alpha needles characteristic of these 


TABLE 3.—Variation in Physical Properties with Annealing Temperature 
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60% Cu, 5%Mn , 35% Zn 


PERCENT ELONGATION — STRENGTH IOOOPS1.—HARDNESS ROCKWELL P 
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Fic. 15.—EFFECT OF COLD-WORKING AND SUBSEQUENT ANNEALING ON PROPERTIES OF ALLOY 
CONTAINING 60 PER CENT COPPER, 5 PER CENT MANGANESE, 35 PER CENT ZINC. 
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Fic, 16.—EFFECT OF COLD-WORKING AND SUBSEQUENT ANNEALING ON PROPERTIES OF ALLOY 
CONTAINING 60 PER CENT COPPER, 25 PER CENT MANGANESE, I5 PER CENT ZINC. 
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alloys. It is obvious from these data that 
annealing to obtain dead-soft material 
with a maximum elongation should be 
conducted in the range of goo° to 1000°F. 
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size of the alpha solid solution and by 
the introduction of the beta phase at still 
higher temperatures. At 1500°F. a con- 
siderable portion of beta is formed in both 


Fic. 17.—15 PER CENT MANGANESE ALLOY ANNEALED ONE HOUR AT 1400°F. WATER QUENCHED. 
X 250. 

Fic. 18.—15 PER CENT MANGANESE ALLOY ANNEALED ONE HOUR AT 1500°F, WATER QUENCHED. 
X 250. 


for the 1o per cent alloy and 1000° to 
t100°F. for the others. Recrystallization 
in the 5 per cent alloy occurs between 
600° and 7o00°F., increasing to 700° to 
800°F. in the 15 per cent alloy. 

The ro per cent alloy differs from the 5 
and rs per cent alloys in that it shows an 
increase in strength and hardness after 
treatment at soo°F. Although the increases 
are small, they suggest that the zeta 
phase may be capable of producing 


an age-hardening effect in some copper- 


manganese-zinc alloys. 

The properties of the 2 5 per cent man- 
ganese alloys are plotted in Fig. 16 and 
are also representative of the 20 per cent 


~ alloy. These curves follow the same general 


trends noted above, with the tensile 
strength reaching a minimum of 52,500 lb. 


per sq. in. at 1400°F. Recrystallization 


in this alloy takes place at about 800°F. 
The strength and hardness are not greatly 
affected by the presence of the zeta phase 
at temperatures below goo°F. They appear 


J to be more affected by an increase in grain 


4 


of these alloys, and, as in th others, it 
cannot be retained by rapid co€ling and is 
decomposed into alpha soli9° solution 
needles. Minimum hardness and strength, 
combined with maximum ductidity, occur 
on annealing at 1300° to 1400°F 1 


SUMMARY 


Copper-manganese-zinc alloys containing 
60 per cent copper and 5 to 25 per cent 
manganese as annealed at 1200°F. vary 
in tensile strength from 67,000 to 55,000 lb. 
per sq. in. The maximum strength occurs 
in the 5 per cent manganese alloy, which 
has a tensile strength of 67,000 lb. per 
sq. in. and a yield strength of 27,500 lb. 
per sq. in., Rockwell hardness of B-61 and 
an elongation of 39 per cent. The alloy 
is two-phase when annealed at this 
temperature, consisting of about 50 per 
cent alpha and 50 per cent beta solid 
solution. Increasing the manganese content 
decreases the amount of the beta phase, 
decreasing the strength and hardness. At 
20 per cent manganese the alloys become 
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single-phase alpha solid solution alloys 
with a’ tensile strength of 55,000 lb. per 
sq. in., a yield strength of 28,000 lb. per 
sq. in., a Rockwell hardness of B-37 and 
an elongation of 50 per cent. Further 
increase in manganese appears to increase 
the strength and hardness slightly without 
decreasing the elongation. 

The alloys are amenable to cold-working, 
being readily worked by cold-rolling to at 
least 80 per cent reduction in thickness. 
The ability of the 5 per cent alloy to 
undergo this deformation in the presence 
of the large amount of the beta phase is 
noteworthy. Cold-working produces a 
tensile strength of 115,000 lb. per sq. in., 
a yield strength of 103,000 lb. per sq. 
in., a hardness of Rockwell B-102 and 
an elongation of 3 per cent in 2 in. in the 
5 per cent manganese alloy, and a tensile 
strength of 108,000 lb. per sq. in. a 
yield strength of 102,000 lb. per sq. in., 
a hardness of Rockwell B-100, and an 
elongation of 3 per cent in the 20 per cent 
manganese alloy. 

These alloys annealed at temperatures 
ranging from 400° to 1500°F. after 60 per 
cent cold-working show the usual changes 
associated with strain relief, recrystalliza- 
tion, and grain growth. Recrystallization 
after 60 per cent cold reduction takés 
place between 600° and 700°F. for the 5 
and 1o per cent manganese alloys and 
between 700° and 800°F. for the alloys 
higher in manganese. The 5, 10, and 15 
per cent manganese alloys reach minimum 
strength and hardness with maximum 
elongation upon annealing at temperatures 
of 1000° to 1100°F. This corresponds to 
the minimum amount of the beta solid 
solution in their microstructures. Higher 
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annealing temperatures produce an in- 
crease in tensile strength and hardness with 
a corresponding decrease in elongation 
because of increasing amounts of the beta 
constituent found at these temperatures. 
The beta solution is not stable. under all 
the conditions used in this work. It 
transforms during the quenching, usually 
with the formation of a needlelike alpha- 
solution structure, although it may also 
transform into massive alpha grains. 
The instability of the beta makes it 
impossible to determine the physical 
properties of this phase in these alloys. 


When it constitutes 50 per cent or less” 


of the structure of the alloy, beta appears 
to be fairly stable and has a significant 
effect on the properties. The 20 and 25 
per cent alloys do not exhibit beta unless 
they are heated to temperatures above 
1300° and 1400°F., respectively. 
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Tensile Properties of Aluminum-alloy Sheet at Elevated 
Temperatures 


By Aan E. Franican,* Lestir F. Tepsen,t AND JOHN E. Dornt 


(New York Meeting, October 1945) 


It is necessary occasionally to use 
aluminum-alloy sheet where moderately 
elevated temperatures are encountered. 
Considerable attention has been directed 
toward determining the influence of ‘‘arti- 
ficial aging’? on the room-temperature 
properties of the precipitation-hardenable 
alloys, as testified by numerous company 
reports and by references 1 to 4. Investi- 
gations on the properties at elevated tem- 
peratures are few, however,*—’ and have 
not always covered the range of times and 
temperatures of greatest interest. The 
present investigation was instituted to 
overcome this deficiency. The work was 
done for the Office of Production Research 
and Development of the War Production 
Board, under the supervision of the War 
Metallurgy Committee, as a part of the 
“restricted”’ Project NRC-548. It has been 


released for publication by the Office of 


Production Research and Development. 
As is well known, the high-strength 
aluminum alloys achieve their remarkable 


“properties as a result of precipitation- 


hardening. In production they are sub- 
jected to a solution heat-treatment followed 
by quenching, to retain the supersaturated 
solid solution. The solution treatment is 


followed by “aging” (precipitation-hard- 
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Institute April 9, 1945. Issued as T.P. 1929 in 
- Merats TECHNOLOGY, December 1945. 


* Research Engineer, University of Califor- 
nia, Berkeley, California. ; ; 
+ Engineer, University of California, Berke- 


ley, California. 


t Associate Professor, University of Califor- 
nia, Berkeley, California. 
5 References are at the end of the paper. 


ening) either at room temperature or at a 
suitable elevated temperature. A consider- 
able increase in tensile and compressive 
yield stresses results from precipitation 
at room temperature (‘‘natural aging’’). 
Through the elevated-temperature process 
(“artificial aging”’) it is possible to obtain 
values of yield stress considerably higher 
than those attainable by natural aging. 
The increase in yield stress is accompanied 
by a smaller gain in ultimate tensile stress 
and by a decrease in elongation. During 


TABLE 1.—Sources of Materials Used in the 


Testing Program 
MATERIAL ORIGIN AND TREATMENT 
24S-T Alclad..... From Lockheed stock. 
24S-RT Alclad... Direct from mill. 
24S-T80 Alclad. . 24S-O Alclad from Lockheed stock, 
solution-heat-treated (925°F., wa- 
ter quench) and aged at 375°F. for 
10 + % hour. 
24S-T Alclad from Lockheed stock, 
plant stretched up to 1 per cent 
and aged 10 + \ hr. at 375°F. 
24S-T86 Alclad.. 24S-RT Alclad from Lockheed 
stock aged 544 + 44 hr. at 375°F. 
61S-W (bare).... From Lockheed stock. : 
61S-T (bare)..... 61S-W (bare) from Lockheed stock 
aged 8 hr. at 350°F. 
XB75S-T Alclad. From Lockheed stock. 


24S-T81 Alclad. . 


the first stages of artificial aging the yield 
stress increases steadily until it reaches a 
maximum value. In this condition the 
material is said to be “‘fully aged.” Further 
exposure results in “‘overaging,” attended 
by a steady decrease in yield stress, In the 
production of the artificially aged mate- 
rials, temperatures and times are selected 
to achieve full aging. The following impor- 
tant characteristics are associated with the 
process: 

1. The higher the temperature, the more 
rapidly is the fully aged condition attained. 


197 


198 TENSILE PROPERTIES OF 

2. In the case of the alloy 24S, the yield 
stress attainable is influenced by the appli- 
cation of cold-work preceding the aging 
treatment. The greater the degree of de- 
formation, the greater is the yield stress 
attainable. 

For the purpose of this paper it is con- 
venient to classify the high-strength 
materials as follows: 

Group A. “Naturally aged” materials— 
precipitation-hardenable alloys that have 
been solution-heat-treated and aged at 
room temperature. 

Group B. “ Artificially aged” materials— 
precipitation-hardenable alloys that have 
been solution-heat-treated and aged at 
elevated temperatures. 

This classification permits obvious gen- 
eralizations on the response of each group 
to further elevated-temperature exposure. 


ScOPE OF THE INVESTIGATION 


The following materials were included 
in the investigation: 


Grote A 

0.040-in. 24S-T Alclad sheet 
0.064-in. 24S-RT Alclad sheet 
0.040-in. 61S-W bare sheet 

Group B 
24S-T8o0 Alclad sheet 
24S-T81 Alclad sheet 
24S-T86 Alclad sheet 
61S-T bare sheet 
XB75S-T Alclad sheet* 


0.040-in. 
0.040-in. 
‘0.040-in. 
0.040-in. 
0.040-in. 


Tensile tests were performed on each 
material to determine: (1) ultimate tensile 
stress, (2) tensile yield stress, (3) elonga- 
tion in 2 in., (4) primary and secondary 
moduli of elasticity, (5) tangent moduli 
for all stresses up to the tensile yield stress. 
All tests were made with a crosshead speed 
of 0.06 in. per min. and with specimens 
stressed transverse to the direction of roll- 
ing. Temperatures investigated included 


_ * This material is now designated 75S-T by 
its producer, the Aluminum Company of 
America. ; 
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75°F., 212°F., 300°F., and 375°F. At each 
of the elevated temperatures exposure 
periods ranged from }4 hr. to 1000 hours. 


MATERIALS INVESTIGATED 


With the exception of the 24S-RT sheet, 
materials were furnished by the Lockheed 
Aircraft Corporation at Burbank. The 
24S-T, 61S-W and XB75S-T sheets were 
taken from stock in the condition furnished 
by the mill; the remaining sheets consisted _ 
of similar material heat-treated at Lock- 
heed to obtain the desired conditions. The 
Lockheed treatments are listed in Table 1. 
The 24S-RT sheet was obtained directly 
from the mill, by the University of Cali- 
fornia. All specimens of each material were 
taken from a single sheet. 

Original room-temperature tensile prop- 
erties are listed in Table 2, where they are 
compared with the allowable values pub- 
lished in ANC-5 and with typical and 
minimum values cited by the Aluminum 
Company of America. The original prop- 
erties may be considered typical except in 
24S-T80, where modulus values are lower 
than anticipated. 

The nominal chemical compositions of 
the alloys!:® are as follows: 


? 


4.5 per cent copper, 0.6 manganese, 
I.5 magnesium; remainder alumi- 
num and normal impurities. 

0.25 per cent copper, 0.6 silicon, 
1.0 magnesium, 0.25 chromium; re- 
mainder aluminum and normal — 
impurities. 

No information has been released 
on the precise composition. The 
principal hardening elements are 
zinc and magnesium with smaller 
additions of copper and other 
elements. 


Standard heat-treatments for the mate- — 
rials tested are: 


2AS=L ares 24S alloy solution-heat-treated at 
gt0° to 930°F. followed by quench- 
ing in cold water and aging at 
room temperature. 

24S-RT... 24S-T strain-hardened by rolling 


to a reduction of about 5.5 per 
cent. : 


"h 
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. 61S alloy solution-heat-treated at 
960° to 980°F followed by quench- 
ing in cold water and aging at 
room temperature. 

. 24S-T aged 10 hr. at 375°F. or 13 
hr. at 365°F. without previous 
stretching. 

. 24S-T stretched 1 per cent and 
aged tro hr. at 375°F. or 12 hr. at 
365°F. 

. 24S-RT aged 514 hr. at 375°F. 
or 814 hr. at 365°F. 

61S-W aged 8 hr. at 350°F. or 18 

hr. at 320°F. 

. 755 alloy solution-heat-treated at 
860° to 930°F. followed by quench- 
ing in cold water and aging 24 hr. 
at 250°F. 


PREPARATION OF SPECIMENS 


Machining of the specimens was carried 
out by the Lockheed Aircraft Corporation 
at Burbank. All specimens of each material 
were taken from a single sheet. Dimensions 
are shown in Fig. 1, which conforms to the 
A.S.T.M. Standard E8-42. The edges of 
the reduced section were polished by hand 
with grade 320 emery, after which the 
width and thickness of each specimen were 


£99 


measured to the nearest 0.0002 in. All 
specimens were of 0.040 or 0.064 in. nominal 
thickness, with the axis transverse to the 
direction of rolling. 

Previous to testing, specimens were 
maintained for the desired holding periods 
in carefully controlled oil-bath furnaces, 
after which they were stored until required 
for tensile testing. The storage period 
ranged from two days to two months. 

Houghton tempering oil No. 80 was used 
in the oil baths at all temperatures except 
375°F. The temperature variations in the 
central 6 in. of specimens in these baths 
were known to be no greater than +2°F. 
temporal and +1°F. spatial, except for 
brief drops attending the insertion of addi- 
tional specimens. After removal of speci- 
mens from the baths, all oil was wiped off 
before storage. The 375°F. specimens were 
heated in an oil of unspecified composi- 
tion, by the Lockheed Aircraft Corpora- 
tion. Over-all temperature variations were 
known to be £2°F. 


TABLE 2.—Room-temperature Tensile Properties of the Materials Compared with Published 
Minimum and Typical Values 


Tensile Yield Stress, gUitimate Tensile mickosties ene alae 
1000 = Period. £1. tress, 1000 . per * x 6 2 6 : 
icoa Sq. In., Alcoa Per Cent in 2 In. 106 Lb. per | 10 ae 
Material 
NRC- |Speci- NRC- | Speci- NRC-!| Speci- NRC- m 
548 Ped pices 54 fie Hoos 548 fe ee 548 ee 
Mate-} Mini- hes Mate- | Mini- fy, Mate- | Mini- ahs Mate- |" i bled 
rial¢ | mum? riale |mum?| © rial¢ | mum? rial¢ 
24S-T 
Alclad....} 43.3 39 43 64.8 59 64 17.0 I2 18 
24S-RT ; 
Alclad. ..-.| 52.3 50 53 67.0 66 67 10.6 10 II 
24S-T80 
Alclad....] 51.6 65.0 10.0 
24S-T8r 
Alclad....| 58.9 54 60 65.2 62 66 CER 5 
24S-T86 
Alclad 66.6 62 66 70.4 66 70 4.5 3 
61S-W 
Bare)y. 3.1) 123).:2) 16 21 36.8 30 35 20.2 16 22 
1S-T 
(Bare) ..| 38-3 35 39 44.1 42 45 12.0 10 12 
XB75S-T 
Alclad..,.}| 67.0 62 66 78.0 We 76 10.3 8 II 


2 The NRC-548 specimens were stressed transverse to the direction of rolling. In the published values listed 
above, the direction of stress is generally not specified. 


’ Aluminum Company of Amenca, ‘Alcoa Aluminum and Its Alloys,’ 1944. Section on Mechanical Prop- 


erties Specifications. { L 
e Ibid. section on Lh hae Mechanical Properties. 


@ Army-Navy-Civil 
Amendment 1, Oct. 22, 1943. 


ommittee on Aircraft Design Criteria, 


hese values are generally the same as the corresponding ANC-5 Allowables. 


“Strength of Aircraft Elements,” ANC-5 
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24.00"s 0.10" —— 


Fic. 1.—TENSILE SPECIMEN. 


‘ 0.040 in. (nominal). 
Sheet thickness ee a ; 
Taper: gradual taper from ends of reduced section of middle. 


Finish: edges inside gauge length to be finished with grade 320 emery, removing all milling 
marks. 


Det 


FIG. 2.—FURNACE AND AUXILIARY HEATING CONNECTIONS. 
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HEATING AND TEMPERATURE CONTROL 


Following storage, specimens were tested 
in tension at the temperatures: previously 
used in the oil baths. They were brought 
to temperature in the testing machine in 
approximately two minutes, after which 
they were maintained throughout the 
holding and testing periods with a temporal 
variation no greater than +3°F. at all tem- 
peratures employed. Testing was started 
15 min. after specimens were placed in the 
furnace. : 

Two separate sources of heat were em- 
ployed in the testing machine. The first 
was a split cylindrical furnace 17 in. long 
and having three banks of heating elements 
arranged vertically, as shown in Fig. 2. 
The voltage across each bank was adjusted 
separately, thus aiding in control of the 
temperature gradient. To secure rapid 
heating of the specimen, an auxiliary 
source of heat was provided by passing a 
controlled current through the specimen 
itself. The auxiliary current, which was 
introduced through flexible copper leads 
attached to the grips, was gradually re- 
duced as the specimen approached the 
desired furnace temperature. The con- 
trolling pyrometer governing the furnace 
was set for a temperature slightly lower 
than that desired in the specimen, so that 
near thermal equilibrium a small auxiliary 
current allowed precise control of the 
specimen temperature. When this current 
was reduced to zero, just prior to testing, 
the resultant drop in temperature was 
negligible. 

Temperature measurement was obtained 


from a glass-sheathed 30-gauge iron-con- 
‘stantan thermocouple attached to the 
center of the gauge length of each specimen. 


The couple was secured to the surface by 
several turns of light, flexible spun-glass 
sheathing (Fig. 3). Such a couple does 
not indicate the true surface temperature 


_ of the specimen, since it is in contact with 
’ the glass wrapping. Through the use of 
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peened-in couples, however, it was estab- 
lished that at 300°F. the actual specimen 
temperature was from o° to 3°F. lower 
than indicated by the surface thermo- 


Fic. 3.—EXTENSOMETER ASSEMBLY AND THER- 
MOCOUPLE ATTACHMENT. 


couple. Suitable corrections were applied 
at all temperatures. 

The temperature distribution along 
specimens was also investigated by means 
of peened-in couples. At 300°F. the over- 
all spatial variation was found to be + 2°F, 
in the central 2 in. and + 3°F. in the central 
3 inches. 
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Loap AND EXTENSION MEASUREMENT 


Load measurement during tensile tests 
was obtained through the use of a steel 
proving ring in series with the specimen. 


MATERIAL - 
ALL PARTS 
MILD STEEL 
EXCEPT AS 
INDICATED 


ACTUATED BY 

MOVEMENT OF 

UPPER KNIFE 
EDGE 


TUCKERMAN OPTICAL 
3 STRAIN GAGE 
2° GAGE LENGTH \/2"LOZENGE 


ACTUATED BY MOVEMENT OF 
LOWER KNIFE EDGE 


Fic. 4.—SCHEMATIC DRAWING OF EXTEN- 
SOMETER ASSEMBLY FOR USE AT ELEVATED 
TEMPERATURES. 


Deformation of the ring under load was 
indicated by a pair of SR-4 A-rr electric 
strain gauges mounted in opposition on 
the inner and outer surfaces of the ring. 
Previous calibration allowed expression of 
the strain-gauge readings in terms of load. 
The maximum error in load readings in 
the range employed is thought to be no 
more than 5 lb. The use of two gauges 
separated only by the thickness of the 
proving ring (and, therefore, at nearly 
equivalent temperatures) allowed omission 
of the ‘‘dummy” gauge generally required 
with a single SR-4 gauge to secure tem- 
perature compensation. 

In the tests at room temperature, a 
‘Tuckerman optical strain gauge was used 
to obtain measurements of extension. It 
operated over a 2-in. gauge length with a 
lozenge distance of 14 inch. 
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In the elevated-temperature tests, a 
similar Tuckerman strain gauge positioned 
outside the furnace was actuated by exten- 
sion arms, which were attached to the 
specimen by means of knife edges. Ex- 
tension of the 2-in. gauge length was thus 
indicated by the external Tuckerman 
gauge. Details of the elevated-temperature 
extensometer are furnished in Figs. 3 and 4. 

For strain measurements at all tempera- 
tures, extensometers were employed on 
only one side of the specimen. Conditions 
of initial bending, therefore, were not 
compensated, with the result that reliable 
stress-strain relations were not obtained 
at stresses up to about 2500 lb. per sq. in. 
This, however, did not constitute a serious 
problem, since straight-line relationships 
were obtained at stresses higher than 2500 
ib. per sq. in., allowing extrapolation to 
the zero value. 

Often it was necessary during the course 


of a test to stop the tensile machine and to © 


reset the Tuckerman gauge. This was 
required because the range with a single 
setting was not sufficient to reach the con- 
dition defining the tensile yield stress 
where this stress was greater than about 
45,000 lb. per sq. in. Such resetting was 
done at low stresses, with the result that 
no changes in load were observed during 
the resetting interval. 

A careful calibration of the elevated- 
temperature extensometer was made at 
atmospheric temperature. It indicated an 
error of less than 1 per cent in strain 
measurements. The calibration in which 
the elevated-temperature extensometer was 
checked against another Tuckerman optical 
strain gauge was not absolute, since the 
manufacturer’s original calibration was 
employed for the latter. 


VARIATION OF STRAIN RATE 


' All tests were conducted at a constant 
crosshead speed of 0.06 in. per min. The 
rate of strain in the 2-in. gauge length, 
however, varied considerably in the course 
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of a test, the rate in the elastic portion 
being much lower than that attained in the 
plastic region. 


STRESS=5 


STRAIN 


TANGENT MODULUS-E 
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remainder of the specimen was well below 
the elastic limit. Thus an increasing pro- 
portion of the crosshead motion was con- 


CURVE 2 
' ® 


/ 
i 
Uy 
‘ 
‘ 
‘ 
, 
U 
I 
, 


‘ 
H DRAWN 
' PARALLEL 
{ TO PRIMARY 
MODULUS LINE 


STRESS-S 
Fic. 5.—DERIVATION OF AVERAGE TANGENT MODULUS CURVE FROM STRESS-STRAIN CURVES FOR 
TWO TENSILE TESTS. 


Steps in derivation: 


A. Selection of representative points on curves T and II. 
1. Points x, 2, 6 are selected on each curve as follows: 
1 is the intersection of primary and secondary modulus lines. 
2 is the point of departure from the secondary modulus line. 


6 is the yield strength 
2. Points 3, 4, 5 lying b 


sponding points on curve II are selected so that Suc 
6 
B. Measurement of values S and E for points 1 to 6 on each curve. 


C. Plotting of the tangent modulus curve using at-each point the average values 


and St Sir. 
2 
This variation may be attributed in part 
to the specimen design. In the early stages 
of a test, both the reduced section and the 
much longer grip section were strained 
elastically, so that only a small portion of 


the crosshead motion was concentrated in 
the gauge length. Because of its smaller 
cross section, however, the reduced section 
yielded plastically at loads at which the 


(o.2 per cent offset as shown). 
etween 2 and 6 are selected arbitrarily on curve I and the corre- 


Sir Si 


7 Sts 
Ey + Er 
2 


centrated in the gauge length after the 
yield stress had been reached. 
Actual values of the observed strain 


rates are as follows for several conditions: 
EIEIO Se ON IES GRE ee I | 


Stress 4% Hr. at | 1000 Hr. 
212°F. | at 375°F. 
pe ees eee 
Zero stress to yield stress...... 0.0028 0.0046 
Yield stress to fracture........ 0,019 0.026 
Zero stress to fracture.....-.- 0.014 0,021 


ee 
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These refer to the 2-in. gauge length, 
expressed as inch per inch per minute, and 
are average rates for all materials. 
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cases the relation between stress and the 
slope of the curve is a significant fea- 
ture.®:?10 The slope is often called the 


TENS. YIELD STRESS, 
1000 PSI 


° ere, 
Aes 

ENT SP ies ea eee rere 
| 2 s6o| 2 460] 2 see 2 see) 


ULT. TENS. STRESS, 
1000: P.S.1 


ELONG IN 2 IN., 
% 


TIME AT TEMPERATURE - HR. 


Fig. 6. Alclad 24S-T sheet. Sheet thickness, 0.040 in.; direction of stress, cross grain; crosshead 
speed, 0.06 in. per minute. 
Fics. 6-9.—Errect OF TEMPERATURE AND TIME OF EXPOSURE ON ELEVATED-TEMPERATURE 
TENSILE PROPERTIES, 


A 212°F. 
A 250°F. 


@ 300°F. 
7S oh 


(Each point represents average value of two or more tests.) 


DETERMINATION OF TENSILE YIELD 
STRESS AND DERIVATION OF TANGENT 
Mopvutus Curves 


Values of tensile yield stress were 
obtained by means of the o.2 per cent off- 
set method, the offset line being drawn 
parallel to that straight portion of the 
stress-strain curve corresponding to the 
primary modulus. 

In certain types of design, especially 
when buckling must be considered, it is 
desirable to know the shape of the stress- 
strain curve in the plastic region. In such 


“tangent modulus” and the curve repre- 
senting it as a function of stress is known 
as a “‘tangent modulus curve.” The latter 
is essentially equivalent to the stress- 
strain curve itself, since either type may be 
constructed directly from the other. 
Although the tangent modulus curves 
presented in this paper were derived from 
tensile data, they may be useful as first 
approximations to the corresponding com- 
pressive values generally desired for 
design purposes. A comparison of such 
curves in tension and compression for 


1 ay rm 


ALAN E. FLANIGAN, LESLIE F. TEDSEN AND JOHN E. DORN 


several aluminum-alloy sheet materials at. 
room temperature is shown by Templin, 
Hartman and Paul.!! 
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tensile yield stress, and elongation in two 
inches. In general, each point on these 
curves is an average value based upon two 


1000 PSI 


TENS. YIELD STRESS 


= 
a 
°o 
°o 
° 


ULT. TENS. STRESS 


IN 


TIME AT TEMPERATURE- HR. 


Fig. 7. Alclad 24S-RT sheet. Sheet thickness, 0.064 in.; direction of stress, cros$ grain; cross- 
head speed, 0.06 in. per minute. 


The curves of the present paper were 
derived in the following manner. A series 


of tangents was drawn to each of the 


individual stress-strain curves. The slopes 
of the tangents were then measured and 
plotted against the corresponding stresses 


and smooth curves were faired in to con- . 
_ nect the points. Fig. 5 describes the method 


used in averaging the tangent modulus data 
obtained in duplicate tests. 


EXPERIMENTAL RESULTS 


Test results are shown by means of 
curves in Figs. 6 to 21. Figs. 6 to 13 show 
the effects of testing temperature and 
exposure time on ultimate tensile stress, 


or more tests. Values of the tangent 
modulus are plotted against stress in Figs. 
14 to 21. These latter figures also indicate 
the effect of temperature on the primary 
and secondary moduli of elasticity, the 
values of which appeared to be independent 
of the time at temperature. 


TENSILE PROPERTIES AT ELEVATED TEM- 
PERATURES 


The effects of time and temperature on 
the tensile properties of the various 
materials are shown in Figs. 6 to 13. 
The changes in properties are of two 


types: 
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1. Those produced by the effect of 
temperature alone, independent of at- 
tendant precipitation effects. 


40 


1000 PSI 


ULT. TENS. STRESS, TENS. YIELD STRESS, 
1000 PSI 


0.1 1.0 
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_ followed in some cases by overaging (Figs. 


6, 7 and 8). The tensile properties of 
24S-T and 24S-RT are little affected by 


~& see 


2. 468 ; 


100 1000 


TIME AT TEMPERATURE- HR. 


Fig. 8. Bare 61S-W sheet. Sheet thickness, 0.040 in.; direction of stress, cross grain; crosshead 
speed, 0.06 in. per minute. 


2. Those resulting from _ structural 
changes in the material induced by ele- 
vated-temperature exposure. 

In the case of the shortest exposure time 
(% hr.), the principal effect is that of 
temperature alone, increases in tem- 
perature producing lower values of yield 
stress and ultimate stress. With con- 
tinued exposure, especially at the higher 
temperatures, structural changes occur 
and the materials of groups A and B 
behave in dissimilar manners. 

The effects noted in the specimens of 
group A (24S-T, 24S-RT and 61S-W) are 
those of marked precipitation-hardening 


exposures of as much as tooo hr. at 
212° and 250°F. At 300°F. there is a 
substantial increase in yield stress with 
eventual overaging, whereas early over- 
aging is apparent at 375°F. Even at the 
latter temperature, the yield stress after 
1000 hr. is scarcely lower than the 14-hr 
value. A marked drop however, is noted 
in ultimate tensile stress. In the 61S-W 
material, similar trends are apparent but 
precipitation effects are more prominent 
at the lower temperatures. 

Since the materials of group B have 


been subjected to previous artificial aging, 
the effects are generally those of overaging. 
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Figs. 9 to 13 indicate no appreciable 
decreases in yield stress during continued 
exposure at temperatures as high as 250°F .; 
i.e., the values after 1000 hr. are similar 
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materials, the former having a relatively 
low yield stress. Secondary moduli were 


observed in all clad materials except where 
exposure at 


prolonged elevated tem- 
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Fig. 9. Alclad 24S-T80 sheet. Sheet thickness, 


0.040 in.; direction of stress, cross grain; cross- 


head speed, 0.06 in. per minute. 


to the 14-hr. values. In each case, how- 
ever, there are considerable decreases in 
both yield stress and ultimate stress at 
375°F. and smaller decreases at 300°F. 
As might be expected, the greatest loss 
of strength occurs in XBy75S-T, which 


has the lowest temperature for artificial 


aging (p. 199). 


PRIMARY AND SECONDARY MOopvLi AT 
ELEVATED TEMPERATURES 


As is well known, the occurrence of a 
secondary modulus of elasticity in clad 
aluminum alloys is due to the dissimilar 
characteristics of the cladding and core 


perature had caused a large decrease in 
the yield stress of the core material. In 
such cases the secondary modulus was 
poorly defined or was entirely absent. 
Values of the primary and secondary 
moduli decrease with increasing tem- 
perature (Figs. 14 to 21). The data sum- 
marized in Table 3 have been treated as 
dependent on temperature alone, since 
no effect of exposure time was noted. The 
latter observation is not unexpected, since 
it has been observed that on a given alloy 
at room temperature the modulus of 
elasticity does not vary greatly for the 
various metallurgical ‘conditions attain- 
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able. Thus the moduli of 24S-O, 24S-T, 
24S-T86, etc., are approximately the same 
at room temperature. By analogy, con- 
tinued exposure at elevated temperature 
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ed at the lower temperatures and single 
curves have been drawn to represent all 
times from 4 hr. to 1000 hr. At the higher 
temperatures, where time is a factor. 


TENS. YIELD STRESS, 
1000 PS.I. 
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1000 P.S.1 


ELONG. IN 2 IN,, 


TIME AT 


|| 24S-TSI 


ALCLAD 
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Fic. ro. Alclad 24S-T81 sheet. Sheet thickness, 0.040 in.; direction of stress, cross grain; cross- 
head speed, 0.06 in. per minute. 
Fics. 10-13.—EFFECT OF TEMPERATURE AND TIME OF EXPOSURE ON ELEVATED-TEMPERATURE 
TENSILE PROPERTIES. 


A 212°F. 
A 250°F. 


@ 300°F. 
O 375°F. 


(Each point represents average value of two or more tests.) 


may be expected to have little effect on 
values of the elastic moduli in spite of the 
fact that extensive metallurgical changes 
may be occasioned. 


TANGENT Mopvutus CurvEs AT ELEVATED 
TEMPERATURES 


The effects of temperature and time on 
the tangent modulus curves are shown in 
Figs. 14 to 21. Here the relatively minor 
effects of exposure time have been neglect- 


families of curves are obtained. The inter- 
mediate curves of such families have been 
omitted in Figs. 14 to 21 for the sake of 
clarity and only the more important 
curves have been presented. In each 
instance the extremes have been included 
(that is, the tangent modulus curves falling 
farthest to the right and to the left). 
As noted previously, the initial, hori- 
zontal portions of the curves (the primary 
and secondary moduli) are in alle cases 
determined by temperature alone. 
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Fig. 11. Alclad 24S-T86 sheet. Sheet thickness, 0.040 in.; direction of stress, cross grain; cross- 
head speed, 0.06 in. per minute. 


TABLE 3.—Effect of Temperature on the 
Modulus of Elasticity in Tension at Ele- 
vated Temperatures* 


Temperature 


Modulus 


Material 


24S-T Alclad....] Primary |10.4] 9.6) 9.6/9.4/9.2 
Secondary| 9.2] 8.7} 8.7/8.5|7.9 

24S-RT Alclad..| Primary |10.6/10.2/10.1/9.8/9.2 
Secondary} 9.7] 9.2 9.2/8.8/8.1 

61S-W (bare)...]| Primary 9.9] 9.1] 9.1|8.9|/8.3 
Secondary 

-24S-T8o0 Alclad. .] Primary 9.9| 9.4| 9.4/0. 2]8.7 
Secondary | 9.0] 8.8] 8.6/8.4/8.0 

24S-T81 Alclad..| Primary |10.4] 9.7] 9.6/9.7/9.1 
Secondary | 9.3] 8.9] 8.8/8.6/8.1 

24S-T86 Alclad..| Primary |10.3} 9.7] 9.7|9.5 8.6 
Secondary | 9.1] 8.9] 8.7/8.4|7.6 

61S-T (bare)....| Primary |10.1] 9.3] 9.2)/8.8/8.3 
Secondary 

XB75S-T Alclad} Primary 9.9| 9.3] 9.2/8.9/8.2 
Secondary | 8.8] 8.5] 8.4/7.8 


So Each value listed is an average based on exposure 
times ranging from }4 hr. to 1000 hr. The original 
data reveal no dependency on exposure time. 


THE PROBLEM OF CREEP 


As with other materials, creep may be a 
significant factor in elevated-temperature 
applications where aluminum alloys sus- 
tain loads for long periods. Stress-rupture 
tests at 300° and 375°F. recently com- 
pleted at the University of California 
indicate that eventual failure by rupture 
may occur under steady loading at 
stresses well below the value of the short- 
time “tensile yield stress.” For this reason 
tensile data derived at the higher tem- 
peratures should be used with caution in 
design. This applies in connection with 
tangent modulus, yield stress, and ultimate 
stress. 


CORROSION RESISTANCE 


In a consideration of aluminum alloys 
for use at elevated temperatures the 
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problem of corrosion resistance may re- 
quire attention. 

Considerable information is available 
on the effects of prior artificial aging on 


ALUMINUM-ALLOY SHEET 


yield stress (Fig. 6 and 7). It seems prob- 
able that such difficulties may be mini- 
mized through use of the 24S-T8 series in 
preference to 24S-T and 24S-RT. As in 


g °C Ter | | |i 
w 

a4 a0 

oe 

n~ iaitels ! {1 
"30 ° 

o* 

jo 

WO 

>o 

7) 

2 

"sd 2 468| 2 468 
“Tape coed Ce ae. Set) 


ULT. TENS. STRESS 
1000 PSI 
a) 
°o 


a 
10 


a OOO 


2.468 
[o ROR Ty [2 


20 
10 
2 468 468| 2 baatere 2 468 
: “Or ve Te 1001000 
= 12 
cs 
ao Eat Se 
Zo°6 
i SEPTIC 
ow 
za 4 
[oe 
4 ol2.468] 2 468] 2 468) 2 468 
om i) 10 100 1000 


TIME AT TEMPERATURE- HR. 


Fig. 12. Bare 61S-T sheet. Sheet thickness, 0.040 in.; direction of stress, cross grain; cross- 
head speed, 0.06 in. per minute. 


corrosion resistance at room temperature. 
In 24S-T and 24S-RT, a marked increase 
in susceptibility is known to occur in the 
early stages of elevated-temperature aging. 
With continued aging, corrosion resist- 
ance improves and approaches that of the 
original material. It appears that the aging 
time needed for optimum resistance coin- 
cides with that required for attainment of 
maximum yield stress.!:> As a consequence, 
corrosion problems may be expected to 
attend the use of 24S-T and 24S-RT at 
elevated temperatures up to about 300°F., 
for under such conditions considerable time 
is required for attainment of maximum 


the 24S-T8 series, the corrosion resistance 
of artificially aged XB75S and 61S has 
been found adequate after the period re- 
quired to attain maximum yield stress. 
In this respect, XB75S-T and 61S-T may 
also be suitable for elevated-temperature 
service. 

The preceding remarks refer to the 
problem of room-temperature corrosion 
following elevated-temperature exposure. 
It is possible that susceptibility to corro- 
sion at elevated temperatures, especially 
in unfavorable atmospheres, may be 
greater than indicated by tests performed 
at room temperature. 
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Fig. 13. Alclad XB7sS-T sheet. Sheet thickness, 0.040 in.; direction of stress, cross grain; 
crosshead speed, 0.06 in. per minute. 
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Fig. 14. 24S-T Alclad sheet. Sheet thickness, 0.040 in.; direction, cross grain. 


Fics. I4-17.— EFFECTS OF TEMPERATURE AND EXPOSURE TIME ON THE TANGENT MODULUS AT 
ELEVATED TEMPERATURES. 
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CHoIcE oF MATERIALS FOR ELEVATED 
TEMPERATURE SERVICE 

On the basis of the foregoing tensile data 

and the remarks on corrosion it is possible 


TANGENT MODULUS - 10° PSI. 
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ture. The effects of these variables on the 
tangent modulus have also been reported. 

2. Of the materials tested, the 24S-T8 
series appears to offer the best possibilities 


Alclad 
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Fig. 21. XB75S-T Alclad sheet. 


to judge the materials with regard to 
suitability for service at elevated ‘tem- 
peratures within the range investigated. 
It would seem that members of the 24S-T8 
series offer the best possibilities. 

After sufficiently long exposure, 24S-T 
and 24S-RT may approach the strength 
of the 24S-T8 series, but until fully aged 
they are lower in strength and may be 
expected to be more susceptible to cor- 
rosion. The strengths of 61S-W and 
61S-T are lower than those of the 24S-T8 
series under all conditions tested, while 
XB75S-T suffers a rapid loss of strength 
at temperatures above 250°F. 

At the higher temperatures creep may 
be a problem and should be considered 
regardless of the material selected. 


SUMMARY AND CONCLUSIONS 


1. The elevated-temperature tensile 
properties of eight high-strength alu- 
minum-alloy sheet materials have been 
determined. Temperatures from 75° to 
375 F. were employed with exposure 
times ranging up to 1000 hr. at tempera- 


for elevated-temperature applications. Un- 
til fully aged, 24S-T and 24S-RT are lower 
in strength and may be expected to have 
lower corrosion resistance. The strengths 
of 61S-W and 61S-T are lower than those 
of the 24S-TS series under all conditions 
tested, while XB75S-T suffers a rapid loss 
in strength at temperatures above 250°F. 

3. As with other materials, tensile data 
obtained for aluminum alloys at elevated 
temperatures should be used with care. At 
the higher temperatures creep may be- 
come a significant factor and eventual 
failure by rupture may occur under steady 
loading at stresses well below the short- 
time ‘‘tensile yield stress.” 
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DISCUSSION 
(A. H..Geisler. presiding) 


E. H. BurKxart.*—The information on the 
tensile. properties of aluminum alloys at 
elevated temperatures, as presented by the 
authors of the subject paper, is a valuable 
contribution. These data have been found 
particularly useful in the design of airplane 
wing and empennage structures incorporating 
thermal de-icing. 

Aside from the suggestion that this work be 
supplemented by a limited investigation of the 
effect of temperature on the compressive 
properties, we have no technical comment to 
make at this time. 


A. E. Franican (author’s reply).—The 
authors are pleased to receive the comments of 
Mr. Burkart, who was an active participant 
in planning the investigation. The compressive 
properties of aluminum-alloy sheet at materials 
have been the subject of a subsequent investi- 
gation. The results will be published at an 
early date. 


*Lockheed Aircraft Corporation, Burbank, 
California. : 


Correlation of Mechanical Properties and Corrosion Resistance of 


24S-type Aluminum Alloys as Affected by High-temperature 
Precipitation 


By W. D. Rosertson,* JuNIOR MemBer A.I.M.E. 


(New York Meeting, October 1945) 


A considerable quantity of experimental 
data is available on the effect of time, tem- 
perature, work-hardening and composition 
on the mechanical properties and corrosion 
resistance of aluminum alloys. There is, 
however, little unity of purpose or gener- 
ality in most of the studies and, because 
the number of variables is large, the results 
often are not applicable to the problems 
that arise in practice. Furthermore, the 
customary expression of the effect of differ- 
ent variables as separate curves or as three- 
dimensional diagrams with time, tempera- 
ture and the dependent variables as co- 
ordinates, renders the task of selecting the 
optimum time and temperature of precipi- 
tation treatment, with respect to their 
simultaneous but unequal effect on the 
various properties, exceedingly difficult. 

The introduction of precipitation treat- 
ments to raise the yield strength of 24S-type 
alloys has created a need for a method of 
correlating and summarizing the effect of 
time and temperature on the mechanical 
properties and susceptibility to inter- 
crystalline corrosion. Correlation is par- 
ticularly desirable because the choice of 
time and temperature is of necessity a 
compromise to achieve the best possible 
combination of properties, and the optimum 
conditions cannot be accurately specified 


Manuscript received at the office of the 
Institute May 21, 1945. Issued as T.P. 1934 in 
METALS TECHNOLOGY, October 1945. 

*Head of Chemical Metallurgy Division, 
Aluminium Laboratories Limited, Kingston, 
Ont., Canada, 
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unless the data are in a form in which the 
alternatives can be readily compared. 

Therefore, the work described here was 
undertaken to find a common relationship 
that would be capable of expressing the 
effect of precipitation time and tempera- 
ture on the various properties and by 
means of which the relative effects could 
be correlated and their interpretation 
facilitated. 


REVIEW OF PREVIOUS WORK 


In connection with an investigation of 
the interrelation of age-hardening and 
creep performance of nickel-silicon-copper 
alloys, Jenkins and Bucknall! demonstrated 
that the time required to attain maximum 
hardness and tensile strength could be 
expressed by a relationship of the form: 


t= K-+10~T (1) 


where ¢ is the time in hours and J the 
temperature of aging, expressed in degrees 
absolute, and m and K are constants. They 
also pointed out that this expression is 
analogous to that which describes the 
change of the diffusion coefficient D with 
temperature; namely, 


D = Ae-O/RT (2) 


Later, Cohen used this relationship in 
studies of the mechanism of age-hardening 
of a silver-rich copper alloy? and of 
duralumin.’ 


1 References are at the end of the paper. 
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In the work of Jenkins and Bucknall, 
the illustrations of the application of their 
expression were limited to the attainment 
of maximum tensile strength and resistiv- 
ity. Cohen carried the application, with 
respect to hardness, a step further by 
demonstrating that the progressive stages 
in the hardening process could each be 
represented by the same expression, and 
that two of the three stages in the harden- 
ing process were related to characteristic 
grain-boundary precipitation and general 
precipitation within the grains. 

Thus, it should be possible to express 
the effect of precipitation time and tem- 
perature on the corrosion resistance in a 
similar manner. This follows from the fact 
that age-hardenable alloys become sus- 
ceptible to intercrystalline corrosion as a 
consequence of localized precipitation at 
the grain boundaries of one or more 
phases from solid solution, which creates a 
potential difference between the grains 
and their boundaries; and also that the 
local potential difference, starting at 
zero for the solid solution, increases to a 
maximum and declines to zero again as 
the alloy is aged at elevated tempera- 
tures.® Presumably, then, the rising poten- 
tial difference results from progressive 
grain-boundary precipitation and the re- 
turn to zero represents the completed 
general precipitation, which eliminates 
the local concentration gradient between 
the grains and their boundaries, and with 
it the source of the potential difference. 

This being so, there is a single expression 
governing the mechanical and the “‘elec- 
trochemical”’ properties, and consequently 
it is possible to express both in the same 
terms. 

The experimental work described in the 
following pages is devoted to a demon- 
stration of this hypothesis and to illus- 
trating the utility of the method as a 
means of expressing a variety of data ina 
convenient form, 


PROPERTIES AND CORROSION RESISTANCE OF 24S-TYPE ALLOYS 


EXPERIMENTAL PROCEDURE 


The alloy used for this investigation 
was commercial 24S sheet, 0.057 in. thick 
and of the following composition: Cu, 
4.55 per cent; Fe, 0.24; Mg, 1.50; Mn, 
0.66; Si, 0.15; Ti, 0.01. 

The sheet was received in the room- 
temperature aged condition. It was sheared 
into strips one inch wide, parallel to the 
direction of rolling, and solution-heat- 
treated in a salt bath at 495°C. for 30 
min., quenched in less than one second in 
water at 22°C. and aged at room tempera- 
ture for a period exceeding two weeks. 
The strips were heat-treated in lots of 50 
and were shuffled to average out any 
variation between the lots. 

The precipitation heat-treatments, fol- 
lowing complete room-temperature aging, 
were carried out in air ovens for periods 
exceeding one hour; for shorter periods, 
a salt bath was used and the specimens 
were quenched in water to ensure control 
over the time at temperature. Temperature 
control in both cases was + 1°C. 

The mechanical properties were ob- 
tained in the customary manner from the 
average of four specimens for each point, 
and the corresponding properties after 
corrosion from the average of eight speci- 
mens, all of which were precipitation- 
treated at the same time. The Rockwell B 
hardness values (1{¢-in. ball and 1o0o0-kg. 
load) represent the average of four values 
taken not less than one month after com- 
pletion of the precipitation treatment in 
question. 

The corrosion test was conducted by 
periodic immersion of the specimens in a 
5 per cent solution of sodium chloride to 
which 0.3 per cent hydrogen peroxide had 
been added. The specimens were stressed 
to a maximum fiber stress of 80 per cent of 
their tensile yield strength during the test, 
by bending them in an arc between the 
ends of special porcelain holders. After 48 
hr. the specimens were removed and 


machined to tensile test bars, and their 
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remaining mechanical properties were de- 
termined for comparison with those ob- 
tained from the corresponding uncorroded 
specimens. Since the emphasis in this 
investigation is on the shift of values with 
respect to precipitation time and tempera- 
ture, and the absolute figures have no 
significance, the details of procedure have 
been omitted. However, a full discussion of 
the apparatus and testing method is avail- 
able in the Canadian Journal of Research.® 


EXPERIMENTAL RESULTS 


Figs. 1 to 6 show the curves of ultimate 
tensile strength, yield strength (0.2 per 


cent offset), elongation in 2 in. and Rock- 


well B hardness for each precipitation 
temperature from 130° to 205°C. The 
corresponding tensile strength after corro- 
sion and the percentage loss in tensile 
strength are also shown in the figures. 
The points at the extreme left were ob- 
tained after completed room-temperature 
aging and that part of the curve is dotted 
to emphasize the change in scale. 

The curves of percentage loss in tensile 
strength have been drawn from the 
smoothed curves of initial and final tensile 
strength. In all cases smooth curves have 
been drawn on the assumption of con- 
tinuous variation. When more than one 
possibility existed, that which best main- 
tained the apparent similarity of form of 
the curves was chosen as the most probable 
course. 

The points marked by arrows on each 
set of isothermal curves have been re- 
plotted in Fig. 7 to verify the exponential 
expression, which has been put in the form 
of a linear equation for convenient verifica- 
tion; thus, 


log t = 7 + log K [3] 


is equivalent to Eq. 1, where ¢ is the time 
required to attain the stated property at a 
temperature T, expressed in degrees abso- 
lute, and m and K are constants. A plot of 
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log ¢ vs. 1/T should be a straight line if 
the expression represents the experimental 
data. The parameters m and K have been 
calculated from the slope of the straight 
lines in' Fig. 7 and are given in Table 1, 
together with the corresponding values of 
Q in the analogous diffusion equation 
(Eq. 2). The latter is equal to the slope 
m multiplied by the product of the gas 
content R and the Napierian base 


(R'X ¢ = 4.58). 


TABLE 1.—Parameters m and K in Relation- 
shipt = K- 


Lome 


Property Represented 


Maximum tensile 


Strengt Dy. ¢aiicohee 6.6* 1038/3. 
Maximum yield 
Sirengmeicn core wkranrs 7.9° 108 
Maximum hardness....}| 6.6* 103 10-14) 30,400 


Initial increase in ten- 


sile strength........ -|6.6+ 103 10715) 30,400 
Initial increase in yield 
strengthwne. << es 6.6° 108 * 10715] 30,400 


* 10715) 30,400 


BALION concat ous oer 5.77° + 10713) 26,400 
Attainment of mini- 
mum elongation..... 7.9° 36,200 


Initial decrease in 
corrosion resistance 
(grain-boundary pre- 


cipitation) .....35.0.. Ce * 107}2| 23,400 
Minimum corrosion re- 
SISCANCE Sho eGle gee 5-.9*103|2.51* 10713) 27,000 


Return to initial corro- 
sion resistance (com- 
pletion of general 


precipitation)....... + 10713) 30,400 
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The appearance and progress of inter- 
crystalline attack resulting from precipita- 


tion heat-treatment was followed by 
microscopic examination of the corroded 
specimens. A representative selection is 
shown in Fig. 8, which is a reproduction 
from Fig. 4 of the curve of loss in tensile 
strength after precipitation at 175°C. 

All the curves of mechanical properties 
are similar, and consist of an initial drop 
followed by a more or less rapid rise to a 
maximum and a final decrease in the range 
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known as ‘‘overaging.” The curves of 


percentage loss in tensile strength, how- 
ever, when plotted on a logarithmic scale, 
show three distinct sections: one in which 


PERCENT LOSS-TENSILE STRENGTH 
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returns to a point very near the initial 
value, and remains constant thereafter, 
indicates that the reaction (precipitation) 
is complete. This question will be re- 


PRECIPITATION TIME IN HOURS AT 175°C 


Fic. 8.—CHANGE IN CHARACTER AND INTENSITY OF CORROSIVE ATTACK OF 24S-T AFTER 
PRECIPITATION TREATMENT AT 175°C. 


Micrographs are cross sections. Original magnification 250; reduced 


Keller’s etch. 


the corrosion resistance remains equal to 
that characteristic of the room-tempera- 


ture aged condition; a second in which 


roe 


the corrosion rapidly rises to a maximum 


and falls again to approximately its initial 


value; and a third during which the degree 
of corrosion remains constant and, approxi- 


mately, equal to the initial value. The 


micrographs show that there is not a com- 
plete return to the initial conditions, in 
that intercrystalline corrosion is still evi- 
dent; and the fact that the ultimate corro- 
sion resistance is, on the average, slightly 
lower than its initial value, further sub- 
stantiates the evidence of the micrographs. 
But the fact that the corrosion resistance 


1g in reproduction 


ferred to again in the discussion of the 
mechanism. 


DIscuSSION OF EXPERIMENTAL RESULTS 


It is apparent from Fig. 7 that the 
postulated expression adequately repre- 
sents the experimental data, since the 
five or six points fall on straight lines over 
a comparatively wide range of precipita- 
tion temperature and time. But, in addi- 
tion to the maxima, the initial change in 
mechanical properties and initial, maxi- 
mum, and_ ultimate susceptibility to 
intercrystalline corrosion can be similarly 
expressed. In fact, any corresponding point 
on the various property curves can be so 


” 
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expressed, but the difficulty of choosing 
corresponding points, other than those of 
inflection, is apparent. 

Thus, the important characteristics of 
the six sets of curves can be expressed in 
the same terms. Some data obviously are 
sacrificed to the simplification but the 
utility of the data is considerably increased 
and, after preliminary estimation of the 
time-and temperature that yield a suitable 
combination of properties, the original 
curves may be consulted or additional 
experimental work performed. If more 
work is necessary, the field of possibilities 
will have been narrowed and the work 
correspondingly reduced. 

For example, in commercial practice, 
the duration of the precipitation heat- 
treatment is limited by the economical 
use of furnaces and by the temperature 
control required for treatments at the 
higher temperatures. If 8 hr. is an eco- 
nomical time, reference to Fig. 7 shows 
at once that a temperature of 185°C. will 
be required to attain maximum tensile 
strength and that the yield strength will 
be just below the maximum with the 
elongation reduced to about 25 per cent 
of its initial value, hardness at a maximum, 
and corrosion resistance reduced about 40 
per cent of the possible reduction due to 
susceptibility to intercrystalline corrosion. 
By such trials, the optimum time and 
temperature can be chosen to meet the 
desired requirements for each property, 
as nearly as possible. For this purpose, 
interpolation and limited extrapolation 
is of considerable value and the single 
diagram affords a convenient summary of 
the mass of data otherwise presented. 

It is also possible to determine the 
period of time at temperature before the 
various properties begin to change, par- 
ticularly the susceptibility to intercrystal- 
line corrosion. Thus, if the application 
requires exposure of the alloy to high 
temperatures, the line showing initial 
susceptibility will be important. In this 


connection it should be emphasized that 
the region bounded by the two extreme 
lines defines structural conditions that 
provide a local potential difference in a 
suitable electrolyte; but, in other media, 
the corrosion does not necessarily develop 
because the potential is dependent on the 
nature and concentration of the electrolyte 
as well as on the metallurgical structure. 
Furthermore, the limit of extrapolation to 
lower temperatures is evident in the initial 
susceptibility to intercrystalline corrosion. 
If this line were extrapolated to 25°C. it 
would indicate that the alloy becomes 
spontaneously susceptible in about 100,000 
hr. (11 yr.), a fact not heretofore reported 
and certainly questionable. However, un- 
limited extrapolation is not possible be- 
cause, in such processes, a minimum of 
energy is required for the diffusion and 
aggregation of the appropriate atomic 
groups forming the precipitate and, in 
this case, the minimum energy evidently is 
not attained at room temperature. Also, 
apparently the lower limit is not far from 
130°C., for, while the corrosion curve is 
still well-defined, the curve of tensile 
strength (Fig. 1) does not show the marked 
inflections of those at higher temperatures, 


and a tensile-strength curve of material © 


treated at 100°C. did not show any of the 
characteristic inflections. Furthermore, the 
points of initial tensile strength, yield 
strength and hardness do not fall on the 


straight lines of Fig. 7 as defined by the 


five points obtained at higher tempera- 
tures, which seems to indicate a sharply 
decreasing initial sensitivity to the thermal 
treatment as measured by these property 
changes. 

From Figs. 6 and 7 it will be observed 


that the maximum tensile strength is — 


attained before maximum yield strength 
at each of the precipitation temperatures 
employed, but it should be noted also 
that the attainment of a simultaneous 
maximum is a function of the temperature, 
and a comparison of the slopes of the two 


W. D. ROBERTSON 


lines of maximum tensile strength and 
yield strength indicates that a simul- 
taneous maximum is reached at 210°C. 
and 2 hr. Therefore, it appears that there 
is an advantage in the precipitation treat- 
ments at higher temperatures provided 
the more critical time and temperature can 
be controlled. 

In addition, diagrams like Fig. 7 may 
be useful in defining the effect of various 
factors on the hardening characteristics 
and corrosion resistance. For example, the 
effect of cold-working between solution 
treatment and precipitation treatment 
could be readily appraised by the two 
‘parameters m and K. Furthermore, a 
convenient summary of the characteris- 
tics of different alloys could be made in 
the form of a table of parameters or with 
the corresponding diagrams, which could 
then be used to determine the alloy and 
appropriate properties and corrosion re- 
sistance. In this connection, it should be 
noted that after verification of the relation- 
ship it would not be necessary to employ 
six sets of isothermal curves. 

With regard to the mechanism of age- 
‘hardening and its relationship to corrosion 
phenomena, the close coincidence of the 
increase in hardness with the maximum 
susceptibility to intercrystalline corrosion 
should be observed (Fig. 7). The point of 
increasing hardness corresponds to the 
third stage of age-hardening characterized 
by Cohen as the beginning of general 
precipitation. At this point, the degree 
of intercrystalline corrosion begins to 
decrease (as measured by decreasing loss 
in tensile strength) until it becomes 
‘negligible as a factor in lowering the corro- 
sion resistance, which returns to that 
characteristic of the material in its room- 
temperature aged condition. The dis- 
appearance of effective intercrystalline 
corrosion is in conformity with the pro- 
gressive elimination of the source of the 
local potential difference, presumably by 
the general precipitation within the grains. 


corresponding potential 
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Likewise, the initial susceptibility to inter- 
crystalline corrosion and the eventual 
return to the initial corrosion resistance 
may be correlated, respectively, with the 
beginning of grain-boundary precipitation 
and the completion of general precipitation. 
The second hardness increase, shown by 
Cohen* and related to grain-boundary 
precipitation, does not appear on the 
hardness curves, because, in the present 
work, the alloy was fully aged at room 
temperature before precipitation at the 
elevated temperature, a procedure dif- 
ferent from that used to study the harden- 
ing mechanism. 

The statement regarding the beginning 
of precipitation and eventual completion 
of the reaction should be interpreted only 
in terms of corrosion phenomena. The 
absolute significance of these points, with 
regard to structural changes, is unknown 
because the relationship in time between 
the appearance of a precipitate (not 
necessarily visual appearance) and the 
difference, to- 
gether with its associated corrosion phe- 
nomena, has not been worked out. This 
is further emphasized by the fact that 
the microstructure shows evidence of inter- 
crystalline attack when the degree of 
corrosion, as measured by loss in tensile 
strength, has returned to that character- 
istic of a pitting form of attack. Thus, 
while this latter point is of practical 
significance, it should not be interpreted 
in absolute terms; apparently it signifies 
a reduction of potential to a point where 
the resultant corrosion is approximately 
equivalent to that caused by the local 


- heterogeneity in room-temperature aged 


material. A possible explanation is that 
the initial grain-boundary precipitation 
depletes the matrix to an extent that, after 
general precipitation, there still remains a 
small concentration difference between the 
grains and their boundaries, which results 
in a potential difference. This hypothesis 
would explain the fact that intercrystalline 
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corrosion persists; and the fact that the 
corrosion finally reaches a constant low 
value indicates that the precipitation 
reaction is complete. 

_ The evidence presented that both the 
mechanical properties and susceptibility 
to intercrystalline corrosion can be ex- 
pressed in the same terms, and that there 
is correspondence at the point of generalized 
precipitation with an accepted mechanism 
of age-hardening, appears to indicate that 
corrosion phenomena may be brought into 
the general picture of the age-hardening 
mechanism. Therefore, controlling factors 
will be common to both aspects of age- 
hardening alloys, and the relationship 
between the various properties is fixed 
and determined by the functional form 
of the expression connecting precipitation 
with the properties. For example, the 
relationship between maximum tensile 
strength and corrosion resistance means 
that both cannot occur together, since, 
apparently, a certain degree of precipita- 
tion is required for the former which 
lowers the latter, and this state persists 
throughout the range of time and tem- 
perature investigated. 

In connection with the hardening 
mechanism, it is of interest to note that 
the apparent energy of diffusion, Table 1, 
is of the same order of magnitude as that 
found by Brick and Phillips? for copper 
and magnesium in aluminum; namely, 
31,400 and 29,000 cal., respectively. It 
should be understood, however, that little 
significance is attached to these values 
beyond the fact that they appear to add 
additional indirect evidence of the general 
unity of mechanism governing corrosion 
phenomena and mechanical properties inso- 
far as diffusion is the common factor, which 
makes it possible to express both in the 
same terms. 


SUMMARY 


1. It is shown that the effect of pre- 
cipitation time and temperature. on both 
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the initial change and ultimate maximum 
mechanical properties and initial, maxi- 
mum and ultimate susceptibility to inter- 
crystalline corrosion of 24S-type aluminum 
alloys can be expressed by an equation of 
the form: 

tom/T 


t=K- 


Therefore, since these various properties 
can be represented by the same relation- 
ship; it is possible to plot them on the 
same coordinates (Fig. 7), which provides 
a convenient method of summarizing the 
large volume of data and thereby facili- 
tates the choice of optimum precipitation 
time and temperature with regard to their 
simultaneous but unequal effect on the 
different properties. 

2. It is further shown that the character 
and intensity of corrosion, as ‘a function 
of precipitation time, may be correlated 
with the previously proposed mechanism 
of age-hardening whereby grain-boundary 
precipitation and general precipitation 
take place in stages. The appearance of 
grain-boundary precipitation results in 
intercrystalline corrosion, which increases 
to a maximum at the time when general 
precipitation begins, after which the degree 
of corrosion decreases until it attains a 
constant low value indicating that the 
reaction of general precipitation is complete. 

3. The simultaneous occurrence of maxi- 
mum tensile strength and maximum yield 
strength is dependent on precipitation 
temperature and both attain a simultane- 
ous maxima after treatment for 2 hr. at 
210°C. 

4. Because initial changes in properties 
may be expressed by the equation given 
above, it is possible to define the time and 
temperature permissible in high-tempera- 
ture applications, especially with regard 
to the initial susceptibility to intercrystal- 
line corrosion. 
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DISCUSSION 
(A. H. Geisler presiding) 


A. H. Getster.*—In this very interesting 
paper the author has demonstrated a straight- 
line relationship between temperature and time 
for the various deflections in the aging curves. 
The slopes of the straight lines provided values 
in Table x which were referred to as “heats of 
diffusion.” Perhaps the quantity would be more 
appropriately defined as “heat of precipita- 
tion,” since the precipitation process is the 
one actually occurring, and this involves 
nucleation as well as diffusion. An additional 
process—that of re-solution at the elevated 


ea aging temperature of precipitated particles 


formed during the prior aging period at room 
temperature—is also operative and may have 
some influence on the measured heats of re- 
action. The prior presence of a precipitate 
formed at room temperature would probably 
be more influential at the lower aging tempera- 
tures and possibly explains the divergence from 
the straight line of some of the data for aging at 
130°C. 


W. D. Rosertson (author’s reply).—It is 
certainly true that the quantity that I have 
designated ‘‘apparent heat of diffusion” is a 
complex quantity involving more than the 
activation energy of diffusion. For this reason 
it was stated that little significance should 
be attached to these values beyond the fact that 


* Aluminum Company of America, New 
Kensington, Pennsylvania. 
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they appear to support the general mechanism 
through which the various properties may be 
correlated. 

With regard to the departure of the low- 
temperature points from the straight line, it is 
possible that the presence of the prior precipi- 
tate affects the rate of reaction. But, it could 
also be explained by the fact that a minimum 
energy of activation is required for the process 
of diffusion and nucleation. The fact_that the 
curves obtained at 130° are relatively flat and 
that no maxima were obtained at 100° up 
to 2 hr. seemed to indicate that the limit- 
ing required energy input had been reached 
below which no appreciable reaction could take 
place. 


E. H. Drx.*—I should like to congratulate 
Mr. Robertson on his excellent handling of the 
data and on his presentation. 

I have not had an opportunity to read the 
paper in detail, so I wonder if Mr. Robertson 
stressed the marked effect of cold-work prior to 
artificial aging on the response of the alloy to 
artificial aging. This is recognized in specifica- 
tions in this country, so that there are at least 
four different tempers of artificially aged 24S. 

Coiled strip that has practically no effective 
cold-work in it, or material that is re-heat- 
treated by a customer and is not subsequently 
cold-worked when artificially aged becomes 
what we call T80 temper. On the other hand, 
commercial flat sheet, which receives some cold- 
working and flattening responds more effec- 
tively to the aging, and when artificially 
aged, becomes T81. 

Some of the aircraft manufacturers have 
stretched shapes formed from sheet about 4 per 
cent, and that product when artificially aged 
becomes T84. Then there is a grade of sheet 
that is given about 5 per cent cold-work after 
heat-treatment, and when that is artificially 
aged it becomes T86. The strength of the arti- 
ficially aged tempers are progressively higher 
in the order discussed. 

I mention these various tempers because I 
assume that the data here are on material that 
has no cold-work. Is that right? 


W. D. Rosertson.— Yes. 


* Aluminum Co. of America, New Kensing- 
ton, Pennsylvania. 
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E. H. Drx—I think that is an important 
point to keep in mind. 


W. D. Ropertson.—The variable of cold- 
working was not included in this investigation. 
However, I think that its effect would be to 
shift the straight lines in the direction of 
shorter times. This would be in conformity 
with the fact that diffusion is more rapid in 
cold-worked material than in material that is 
in the as*quenched condition. 


T. C. Wirson.*—Have these aging tempera- 
tures been extended to temperatures higher 
than those shown on the graphs? 


W. D. Ropertson.—No. 


T. C. Witson.—The point I want to bring 
out is that these straight lines go into hooks 
with a number of these diffusion reactions, as 
the temperatures are raised, and approach some 
limiting higher temperature. In your case, that 
limiting temperature would be the temperature 
at which the specimens were solution-heat- 
treated, I think. Just what the temperature is 
where the straight line starts to curve back is 
fairly important in order to define the slope of 
the straight-line portion. 

This hooklike shape, followed by a straight 
line, appears, for example, in the transforma- 
tion of austenite to pearlite when the times for 
a given percentage of transformation are 


*New Jersey Zinc Co., Palmerton, Penn- 
sylvania. 


plotted against the reciprocal of the absolute 


temperature. 


W. D. Rosertson.—I did not anticipate 
the turning of the straight lines. In fact, lam 
not sure that the austenite-pearlite transforma- 


tion is exactly analogous with the precipitation 


of CuAl, from solid solution. 


T. C. Wrtson.—Analogous in that they are 
both diffusion reactions in the solid state. 


W. D. Ropertson.—Yes. 


_ T. C. Witson.—I think you would find that 
it would hook around. 


W. D. Ropertson.—My reason for not 
going to higher precipitation temperatures is 
that the reaction proceeds at such a rate that it 
cannot be accurately controlled. For example, 


the shortest precipitation time employed at 


205° was 114 minutes. 
(Written discussion).—Further considera- 


tion of Mr. Wilson’s point regarding the turning 


of the straight lines shows it is theoretically 
possible. Thus, the phase diagram shows that 
as the precipitation temperature is raised 


rs 


the concentration gradient of diffusion is 


decreased and consequently the rate of diffu- 
sion also. In practice, however, the reaction 
proceeds so rapidly at the lower temperatures 
that extremely short times would be required 


to obtain experimental verification, and from — 


the work already done it appears doubtful 
whether such data could be obtained. 
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Diffusion in R301 Alloy and Its Effect on the Corrosion Resistance 


By L. F. Monporro,* MemBer A.I.M.E 
(New York Meeting, October 1945) 


R3o1 is a clad aluminum alloy, composed 


with a magnesium silicide alloy. It differs 
from other well-known clad alloys in that 
the cladding and the core respond to 
the same heat-treatments, and therefore the 
cladding contributes appreciably to the 
mechanical. properties of the material. 
In Table 1 are reported the compositions 
of the core and cladding alloy for the 
material used for the experiments. 


TABLE 1.—Chemical Composition of R301 
Used for the Experiments 


Element Core Cladding 
MATE er rcuner Sofie yy Sie staus ies & sieles 4.45 0.01 
Pome letnersyeToleole, 07s, <lounie ie eee 9s 0.57 0.42 
PIMC ciehictol ests ska susie recede 6 0.98 0.71 
SUG. cago s SGla dee ae ceteris 0.41 0.99 
0.78 0.54 


In clad aluminum alloys where the 


core contains copper and the cladding does 


not, at elevated temperatures the copper 


“ 
i ys 


tends to diffuse from the core through the 


_ cladding. This fact is well known and many 


Co:; 


investigations have been conducted to 


- determine the features of this diffusion.1~’ 


Most of those investigations cover mate- 
rials clad with pure aluminum; the present 
investigation covers a material clad with 
an alloy. Since the cladding thickness on 
R3or varies with the gauge, as shown in 


f _ Table 2, several gauges were investigated. 


Manuscript received at the office of the 
Institute May 7, 1945. Issued as T.P. 1940 in 
METALS TECHNOLOGY, December 1945. 
*Research Metallurgist, Regvnolds Metals 
Glendale, New York. 

i! References are at the end of the paper. 


TABLE 2.—Nominal Thickness of Cladding 
on R301 


THICKNESS OF CLADDING 


GAUGE on EacH Face, PER CENT 
O1024 OF Tessa. Seicse a eekte scene 5a) 
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MATERIAL AND PROCEDURE 


The material used was sheet of the 
following gauges: 0.025, 0.040, 0.064, 0.102, 
0.170. Cut in pieces approximately 3 by 5 
in., it was in the cold-rolled state and was 
soaked for increasing times at the following 
temperatures: 910°F., 940°F., 970°F. 

A Lindberg cyclone furnace was used 
for the experiments. The procedure was 
as follows: The furnace was started empty 
with controlling pyrometer set at the 
determined temperature. After the furnace 
had reached that temperature, it was run 
for some 20 to 30 min. empty, in order to 
allow the temperature inside to become 
stabilized. Then the first samples were 
introduced. A load thermocouple, with 
recording pyrometer, was connected with 
the sample of the heaviest gauge. About 
ro min. was required for the material to 
reach temperature and the soaking time 
was counted from that point. 

After 200 min. soaking, the second group 
of samples was introduced without stopping 
the furnace. After 200 min. more, the 
third group of samples was introduced, 
and so on, until the last sample had been 
introduced. Every time the furnace was 
opened and new samples were added, a drop 
of temperature was registered by the 
thermocouple connected with the material 
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TABLE 3.—Results of Tests q 
H 
J 10°F. 940°F. 970°F. Hl 
-_ ee 
a iff . 
; Percent- | Diffusion Percent- | Diffusion Percent- | Diffusion 
Fy é age of Cujin 10~5In. 3 age of Culin 10-5In. o age of Cujin 10-5 In. ¢ 
s i) & ¢ & 8 & g - 
i r 3 “a| 1o| 3 oa] & 2 ‘'g own} 
ae q a A 2-3 8 moe =. ee ee) 63 ‘a: $3 3 my: . 
o 4 Sdieal ¢@lae| pi ek] $8188) §| al] Bl e&) S8$i aS) § |] Al BI] BES 
Ble | 83 | ge 3 BS] 83 86) 3 5} 33 | 38) 3 ae 
B14 |e" |no & el | a eo | | a & 
0.025 GAUGE 
I CR | CR jo.ozjo.or| 13] 68] P | CR jo.orjo.o1|; 13) 68] P CR pideldces 13} 68] P 
2 ° 4/0.01/0.01] 32] 100] P 2/0.01/0.01] 41] 99) P 2\0.09 0.06] 67] 127] P 
3 Io 15|0.10/0.08] 59] 141| P 18]0.55|0.26] 99] 179) P 15|/0.25/0.34] 165] 187| P . 
4 20 25/0.14/0.14| 76] 175| P 30/0.69 0.33] 158] 187| P 25|0.74\0.60| 187 Pp 
5 30 35|0.32/0.20] 95] 187] P 32/0.48/0.37| 187 Pp 35|0.74|0.79 Tr 
6 () 50 0.24] 129 Pp 35|0.48|0.44 P 45|0.87/0.98 I 
7 t) 65/0.60/0.40] 170 iy 60/0.75|0.70 Ae 55 125 A 
8 80 87/0.75/0.50| 187 P 63|0.72|0.77 Tz 85/1.85|1.86 ii 4 
9 100] 110/0.90|0.53 P 105|0.84/1.20 I wk 
10 I50| 160/1.14|1.04 I 175|2.02|1.78 I I 
II 200] I95/1.32/1.38 I 180|1.75;2.02 I 135|2.13/2.55 L 
12 250| 260/1.54/1.66 I 260/1.80/2.28 I 200/1.63/2.88 IT 
13 300} 307/1.72)2.15 I 305/1.88'2.45 I 290'3.20:2.93 I ( 
I4 400] 413|1.80/2.15 I 400 2.07|2.80 I 390 3.73 3.04|- I 1 
15 600] 610/1.97|2.76 Is 600]2.13/2.66 I 605 2.98 3.44 Hy ¢ 
16 800] 805/2.90)2.95 I 800 2.10/2.95 I 825 2.80/3.50 Z 
17 | I,000] 1,010/2.80/2.95 I 1,000|2.85 3.15 I I,015 4.30'3.40 I ‘ 
18 | 1,200] 1,200|3.00/3.00 J 1,190 3-3013+30 I I,200 ms $0)3 <a I 
0.040 GAUGE / 
W 
I CR | CR Jo.orjo.or} 10] 50} P CR B, laces Io} 50) P CR |o.orjo.o1} 10}; 50] P 
2 ts) 4,0.02/0.01| 40) 113} P 2/0.020.01] 47] 108} P 2/0.05/0.02| -68| 122| P 5 
3 10 I50.07|0.01| 68] 142] P 18]0.04 0.01] 117] 170| P I5|0.09,0.36| 172] 200] P ' 
4 20 25'0.12)/0.05| 90] 156} P 30/0. 29 0,23} 140} 200} P 25/0.52|0.66| 200 Tr @ 
5 30 35|0.25|/0.08] 97| 170] P 32)0..45 0.27] I50 P 35/0.83/1.02 I a 
6 40 50 0.15] 120] 180] P 35,0.47,0.30] I55 Ee 450.82 I ’ 
7 60 65 140] 195} P 6010.57 0.55] 200 P 55|1.02|1.60 I 7 
8 80 87|0.65!0,28] 170] 200| P 630.70 P 85/2.05|2.37 I { 
9 100] 110/0.80 0.36] 198 ie 105,0.80/1.17 I I ; 
10 150} 160|0.800.70| 200 Tr | 175!1.23/1.76 I I 4 
Ir 200} 195'1.120.93 itl 180 1.23 1.87 1 135 1.043.07 I 
12 250| 2601.141.20 I 260 1.75 2.14 I 200 3.38 3.50 I ‘ 
13 300] 307\1.68 1.40 I 305 1.84 2.61 I 290 3.70 4.00 I 
14 400| 4131.88 1.99 I 400 2.07,2.91 I 390| |4.00 I 
15 600 610 1.92 2.28 I 600 2.13'3.17 Mt 605 4.00 4.00 I 
16 800| 8051.85 2.41 I 800 2.23 3.40 I 825 4.09 4.00 I 
17 | 1,000] 1,010 2.70 2.52 I 1,000 3.20 3.38 I 1,015 4.30 4.00 I 
I8 | 1,200] 1,200/2 ‘alee I 1 I 


bee ee es 


Sige yc ve we 


0.064 GAUGE 


SAS AS Ny, ly Oe pene e S 


I CR | CR |o0.02'0.02 5] 35| P CR ie Si SB lok. CR aieeiensd Shi ashes 
2 40.020.02| 14} 53] P 20.020,02} 15) 55) P 20.050.02| 30} 80] P 
3 I5 0.020.02| 30} 95] P 180.020 02} 60] 145/ P I5 0.04 0.06] 100} 180] P 
4 25 0.030.02| 45] 120] P 300.030 06} 87} 185] P 25 0.080.10| 135] 220] P 
5 35,0.03,0.02} 54] r40| P 320.030.07] 90] 190] P 35 0.06 0.16] 155] 270] P 
6 50 0.05! 74] 170| P 35 .0.040.08] 95] 195] P 45 0.03 0.18] 195] 300] P 
7 65'0.05,0.08} 88] 205| P 60 0.17 0.14] 140| 265) P 55.0.120.22] 215] 320| P 
8 87/0.05/0.11| 105] 245| P 63|0.16 0.15] 145] 270] P 85,0.47,0.42|] 310 P 
9 110 0.16} 130] 280| P 105|0.46 0,28] 205] 320) P P 
10 160|0.17/0.26] 180] 320| P 175|0.63'0.62] 320 RB Pp i 
II 195|0.26.0.30] 230 i 1800.60 0.54 Pp 135 0.75 Tr | 
12 260/0.56,0.41 320 P 260:0.770.85 fis 200'1.53)1.05 Ieee 
13 307/0.65,0.64 Pr 305 0.69 1.03 I 290 1.541.50 a4 - 
14 13]0.75|0.85 Tr | 400|1.00 1.34 I 390 1.20 1.86 1 
15 10|I.20/1.34 I 600 1.43 1.93 I 605 1.54 2.50 ‘I H 
16 805/1.48|1.60 I 800'1.55 2.30 if 825 2.58 2.85 I 
17 ,000| I,O10|1.33/1.91 I | 1,000 1.63 2.51 I | 1,015 2.95 3.02 I + 
I8 | 1,200] 1,200/1.70)2.08 I as a 2.68 I 1,200 3-46,3.32 I é 
J ‘ 
# Values in columns A and B represent average thicknesses of zones of diffusion in zones A and B, in hundred 4 
thousandths of an inch. 5 


»P, pitting; Tr, trace of intergranular; I, intergranular. 
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TABLE 3.—(Continued) 
° 
4g o10°F, 940°F. 970°F. 
= 
oS Percent- | Diffusion Percent- | Diffusion Perc iffusi 
a 4 B f ent- | Diffusio 
iE & d age of Cujin 10-5 In. Palcee’ age of Culjin ro~5 In. 3 age of Culin 10-5 Tn: 
el go) @ | & g| é § 
o 5.o} 8 wn 19 a “a | A 1o| 3S a 
a | 3 13¢ £3] 3 Sol 4 [eal 3 63) s,} 23 Be Og 
e | € }s8ige 8] ac] Bi Se] S81 es) $ | al] Bas ssi ee] 8 | al Blas 
& | 2 | 24/35) & PO| 82) 85) 5 3| 83 | 86) 3 BS 
Bl © Bae bes he ed ea cy ee 
0.102 GAUGE 
I CR | CR |o.orjo.or 6} 38] P CR |o.orjo.or 6) 38] P CR |o.o1/o.o01 6} 38) P 
2 fo) 4\0.01/0.01| 12) 45 P 2}0.01jo.01| 13] 45] P 2lo.o1|0.01 25| 60| P 
3 10 I50.01/0.01| 27| 85] P 18]0.01/0.02] 60] 135] P 15 0.01|0.08 95| 155| P 
4 20 25,0.01|0.01] 39] I09] P 30|/0.01/0.06] 85] 155] P 25 0.04/0.14 140| 185| P 
5 30 35,0.01/0.01] 47] 130] P 3210.07/0.07| 88} 160] P 35 0.00 0.17 165| 225| P 
6 40 50,0.01/0.06} 65] 150) P 35|/0.08/0.08| 90] 168] P 45 0.13 0.22 205| 255| P 
7 60 65.0.01/0.07| 80| 167) P 60,0.15/0.15] 133] 223} P 55 0.21 0.34 225 12 
8 80 870.05 0.11] 95] 215} P 63 0.18 0.18] 140} 227] P 85 0.60 255 Tr 
9 100} 110/0.09.0.15| 111] 231| P 105|0.36/0.35| 195] 255| P : ce 
10 150| 1600.41'0.24| 150] 255| P 175|0.63|0.55| 255 iy Tr 
Ir 200} 195,0.41j0.34| 185 is 180/0.75/0.65 Tx I35|/1.43,0.95 Ae 
12 250| 2600.57,0.43] 255 1 260/0.84'0.78 Tr 200 1.75/1.40 I 
13 300 307|1.24 0.60 a 305/0.77|1.12 I 290|1.60'1.72 I 
14 400] 413.1.320.81 Tr 400|1.20/1.33 I 390 2 05 2.21 I 
15 600} 610,1.45 1.06 I 600]1. 50/1. 80 I 605'3.10 2.65 I 
16 800] 805 1.70 1.42 I 800|1.83'2.10 I 825 3.30 ; u 
I7 | 1,000] 1,010'1.70 1.62 I I,000/1.95'2.46 il I,015'3.55 3.30 I 
18 | 1,200 1,200|1.75,1.84 I 1,190/3.00 2.80 I I,200|2.95 I 
0.170 GAUGE 
I CR | CR peer Siar S| CR lo.ot 0.0L Ra neh 12 CR jo.o1/0.01 Si 25).2: 
2 te) 4jo.01 0.01] 32] 65},P 2\0.01/0.01| 34 62] P 2l0.01/0.01| 45| 80] P 
3 10 15|0.01j0.01| 65] 110] P 18'0.01/0.01|. 90] 135] P I5|0.01|0.01| 105] 170] P 
4 20 25,0.01|0.01| 78] 140] P 30!0.01/0.01r| 115] 175| P 25|0.01|/0.01| 130] 210] P 
5 30 35|0.01/0.01| 90] 150] P 32.0.01|0.01| 120] 180] P 35|0.01]0.01| 150] 230] P 
6 40 50/0.01'0.01] I10| 170] P 350.01 0.01] 125] t90} P 45|0.01|0.01| 165] 250] P 
7 60 65|0.01|0. 01 120] 190] P 60,0.01/0.01| 155] 240] P 55|0.01|0.01| 180] 280] P 
8 80 87,0.01,0.01| 135] 215) P 63 0.01|0.01} 160] 245] P 85)/0.01/0.08] 220] 330] P 
9 I00} II00.01.0.01] 155| 240| P 105 0.01/0.01| 195| 290/ P , Pp 
Io I50| 1600.010.01| 175] 275] P I75 0.10|0.10| 245| 330| P iy 
II 200/ 1950.01 0.01] 195] 280] P 180 0.12,0.12] 245] 340| P 135/0.21'0.16] 275] 390] P 
12 250| 2600.01 0.08] 220] 325] P 260/0.55,0.20| 295] 410 ig 200,0.13 0.28] 350] 425] P 
13 300| 307/0.020.10) 240] 350| P 305 0.63,.0.28| 320].425| P 290,0.80 0.62] 425 Tr 
14 400| 413'0.03 0.18] 295] 400] P 400 0.71,0.42 420 P 390|1.18 0.80 cir, 
15 600/ 6100.05 0.37| 375| 425| P 600 0.65:0.90] 425 Dr 605,0,83 1.52 I 
16 800] 805 0.220.65| 425 ibd 800 0.70/1.03 I 825'3.06 2.15 I 
I7 | 1,000] 1,010 0.48 0.82 Tr | 1,000 0.97|1.65 I 1,015 |3.00 2.68 I 
18 | 1,200 Tiagaicere|E.04 I S5F90) Ee se 1.96 I 1,200/3.52/2.95 I 
—eE————E ————————————— cr 


first introduced. At the beginning, when 
the load in the furnace was small, this 
drop of temperature was around 30°F., 
and it decreased proportionally with every 
addition of samples. When the last samples 
were introduced (at which time the load 
in the furnace was fairly large), the drop 
in temperature was not more than 10° to 
15°F. at each introduction of samples. 
The time to bring back the load to the 
determined temperature decreased propor- 
tionally. About 9 to 10 min. was required 
at the beginning; at the end of the soaking 
only 3 to 4 min. was required. 


These drops of temperature were dis- 
regarded for the samples already in the 
furnace. For each group of samples 
the soaking time was counted from the 
moment the load had reached the soaking 
temperature. When the last sample had 
been introduced and the load couple had 
reached the soaking temperature, the 
whole load was extracted from the furnace 
and quickly quenched in cold water. 

Alorco compound was introduced into 

‘the furnace at the beginning of each 
soaking period, to minimize high-tem- 
perature deterioration, but in spite of 
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pitting in cladding. 
FI1G. 2.—0.025-GAUGE MATERIAL. X 500. ETCHED 30 SECONDS WITH KELLER’S ETCH. 
The two zones of diffusion are faintly visible. 
FIG. 3.—0.025-GAUGE MATERIAL AS COLD-ROLLED. X 500. ETCHED WITH SPECIAL ETCH. 
The two zones of diffusion are clearly visible. 
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that some of the specimens, especially 


those soaked for long times at the higher 


temperatures, were somewhat Dlistered. 

In Table 3 are reported the nominal 
soaking times and the actual soaking 
times as measured from the chart of the 
recording pyrometer. 

After quenching, the samples were 
cut in three parts. One part was used for 
the spectrographic determination of the 
percentage of copper on the surface; one 
part was used for the microexamination 
of the diffusion; the third part was used 
for the electrolytic potential measurements 
and for the corrosion tests. 


SPECTROGRAPHIC ANALYSIS 


The samples for the spectrographic 
analyses were cleaned with grinding paper 
to remove the film of oxide formed during 
soaking, and then were analyzed by the 
spark method in a Dietert spectrograph. 
The spectrographic results (Table 3) 
are somewhat inconsistent, but their 
inaccuracy was expected in view of two 
main factors: 

1. The spark used for spectrographic 
analyses will burn out a small amount of 
material, so that the analysis will not 
represent exactly the surface but will be 
the average of the material comprised 
between the surface and a point a few 
ten thousandths of an inch below the 
surface. No matter how closely the opera- 
tions are controlled, the depth affected will 
vary from specimen to specimen, so that 
discrepancies will occur between the 


“spectrographic determination and deter- 


minations made by other methods. 

2. Different lines must be used for the 
densitometric determination of the per- 
centage of copper present, and a perfect 
correlation between lines is not possible. 

For these reasons the results of the 
spectrographic analyses were used only 
as a rough control of the other results and 
were not plotted in the curves of Figs. 4 
to 8° 
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MICROEXAMINATION 


The samples for metallographic ex- 
amination were mounted in Bakelite, 
polished in the usual manner through 
grinding papers, alundum wheel and 
magnesia. A special etching method was 
used to bring out the effect of diffusion, 
consisting of etching by swabbing for one 
minute in a 3 per cent HF solution, fol- 
lowed by rinsing in hot water and immer- 
sion without drying in Keller’s etch for 
15 sec. This method of etching has the 
advantage over the normal Keller’s etch 
of revealing very sharply two different 
zones of diffusion, whereas the Keller’s 
reagent will reveal them only faintly. 
Fig. 1 shows a specimen etched by this 
method, in which lines have been drawn to 
show the approximate boundaries of these 
two zones. Fig. 2 shows a specimen etched 
with Keller’s etch in which the two zones 
of diffusion are faintly visible. Fig. 3 shows 
cold-rolled specimen in which the special 
etch has revealed the two zones very 
clearly. In Table 3 the average thickness of 
these two zones are reported under A and 
B. Each value in the table represents the 
average of from four to six measurements, 
as determined in etched specimens at 
magnifications of 500. These values were 
obtained by measuring the distances from 
the surface to the outside boundaries of 
zones A and B, and then deducting these 
values from the nominal thickness of the 
cladding. In the left side of Figs. 8 to 12. 
these values have been plotted against, 
the time on a logarithmic scale. On a whole 
the results of the microexamination are 
very consistent. Small discrepancies exist 
but they can easily be accounted for by 
the unavoidable local variations in thick- 
ness of the cladding, which are to be 
expected in run-of-the-mill material. 


MEASUREMENT OF ELECTROLYTIC 
POTENTIAL 


The samples for potential measure- 
ments, except some that were soaked a 
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long time at the higher temperatures, were 
prepared by abrading the surface with 
No. o paper just enough to remove the 
heavy oxide film formed during soaking. 
Some of the samples soaked at high 
temperature had a very heavy oxide 
film and abrading with No. 1F paper 
prior to the No. o was necessary. All the 
potential measurements were made with 
a saturated calomel electrode and a 
solution containing 57 grams NaCl and 
ro c.c. concentrated H»O2 (30 per cent) per 
liter. The curve used for determining the 
percentage of copper in function of the 
potential was that determined by Brown 
and Coll. The results of the potential 
measurements, translated in percentage 
of copper at the surface, are reported in 
Table 3 and are plotted at the right side 
of Figs. 8 to 12. Discrepancies exist in 
the results of potential measurements but 
they are minor, and should not appreciably 
affect the value of the results. 


CoRROSION TESTS 


The corrosion tests were conducted on 
the specimens that had been used for 
potential measurements. These specimens 
were aged 6 hr. at 350°F. and then cor- 
roded by immersion in a solution con- 
taining 57 grams NaCl and 1o c.c. of 
concentrated HO» (30 per cent) per liter. 
The time of immersion was 24 hr. After 
corrosion the specimens were cleaned in a 
so per cent solution of HNO; to remove 
- the oxide and copper plated on the surface. 
The samples for microexamination were 
cut out of the most corroded part of each 
specimen, mounted in Bakelite, polished 
with the usual technique and examined at 
“too and soo diameters without etching. 

The examination was limited to the 
determination of the type of corrosion 
present. The samples that had the shorter 
times of soaking showed only corrosion of 
the pitting type; those soaked for longer 
times showed corrosion of the intergranular 
type. The type of corrosion does. not 
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change abruptly, but gradually. The 
samples that had intermediate soaking 
times showed corrosion of a type that 
was not decidedly either intergranular or 
pitting. This type of corrosion has been 
denominated ‘‘traces of intergranular,” 
for lack of a better term. Fig. 4 shows the 
typical pitting type of corrosion; Figs. 5 
and 6 show the limits within which the 
corrosion has been reported as ‘“‘traces of 
intergranular.” Fig. 7 shows corrosion 
decidedly of the intergranular type. The 
results of the corrosion tests are reported 
in Table 3 and plotted in Figs. 8 to 12. 
The following abbreviations have been 
used: P, to represent pitting corrosion; 
Tr, to represent traces of intergranular 
corrosion; I, to represent intergranular 
corrosion. 


DISCUSSION OF RESULTS 


Table 3 and Figs. 8 to 12 give a sum- 
mary of the experimental results. In 
comparing the results of the metallo- 
graphic determinations with the results 
of the potential measurements, the limits 
of the two zones of diffusion, A and B, 
become apparent. In Table 4 are reported 
the percentage of copper at the surface 
at the time that the boundaries of zones A 
and B reach the surface, as taken from 


TABLE 4.—Percentage of Copper at the 
Surface When the Diffusion Lines Reach 


the Surface 
910°F, 940°F. 970°F. 
Gauge 
A B A B A B 
0.025 | 0.41 | 0.19 | 0.41 | 0.20 | 0.42 | 0.19 
0.040 | 0.40 | 0,21 | 0.41 | 0.23 | 0.43 | 0.19 
0.064 | 0.40 | 0.19 | 0.42 | 0.19 | 0.39 | 0.20 
0.102 | 0.43 | 0.20 | 0.41 | 0.21 | 0.42 | 0.21 
0.170 | 0.41 | 0.21 | 0.40 | 0.20 | 0.39 | 0.20 


Figs. 8 to 12. From Table 4 it is evident 
that the boundary of zone B represents the 
line dividing the zone in which the per- 
centage of copper is approximately below 
0.20 from the zone where the copper per- 
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centage is above 0.20, and the boundary of 
zone A divides the zone where the percen- 
tage of copper is approximately above 0.40 
from the zone where it is below 0.40. 


heat-treatment the solute is present in the 
matrix as particles with a well-defined iden- 
tity. When the material is drastically etched 


Diffusion in 10> inches 
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FIG. 9.—0.040-GAUGE MATERIAL. 


To explain the significance of these 
zones, the constitution of the alloys must 
be taken into consideration. The cladding 
contains approximately 1 per cent Mg 
and o.7 per cent Si, which, in material not 
containing copper, are present in the 
forms of MgSi and Si. In the cladding 
both are in solid solution in the aluminum. 
When the material is allowed to age, 
precipitation starts, and a short time after 


just described, the particles of magnesium 
silicide (and probably also of silicon) are 
attacked, and there results a pit whose 
size is many times greater than that of 
the particle that caused it. This accounts 
for the pitting clearly visible near the 
surface and for the general roughening 
of this zone, which, by reducing the 
reflectivity of the material, produces the 
darkened surface visible in Figs. 1 and 3. 
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The presence of copper that has diffused 
from the core in heat-treatment alters 
the structure of the material. When copper, 


- magnesium and silicon are present in an 
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is the case for the cladding of R301. When 
the copper diffuses from the core, it 
combines with the magnesium silicide and 
silicon in solid solution, to form the 
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aluminum alloy in certain proportions, 


a quaternary compound is formed,’~”° 


which has a composition approximately™ 
Mg, 31.0 per cent; Cu, 15.0; Si, 28.0; Al, 
26.0; which corresponds closely to the 
formula CuMg;SisAly. This compound is 
formed only in alloys where the silicon 
content is above that required for the 
formation of magnesium silicide, which 


quaternary constituent. This constituent, 
although stained by hydrofluoric acid, 
or etching reagents containing it is 
not attacked and eaten away as is the 
magnesium silicide. Therefore, when a 
large part of the silicide in the alloy is 
transformed into the quaternary com- 
pound. the pitting, which is produced by 
the action of the hydrofluoric acid on 
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the magnesium silicide is reduced to a very 

large extent and the etched surface under 

the microscope will appear almost white. 
The second zone, which is delineated by 


Sa SS 10 15 20 30 


40 60 80100 150 200 300.400 600 


» > 
: ri 


is also confirmed by the following observa- 
tion: The boundary of zone B is a rela- 
tively straight line, as compared with 
the boundary of zone A, which has peaks 
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FIG. 12.—0.170-GAUGE MATERIAL. 


the appearance of grain boundaries, be- 
gins to appear when the copper has reached 
about 0.40 per cent. Since the quaternary 
constituent contains approximately one 
half as much copper and silicon magnesium, 
the amount of copper that combines with 
magnesium and silicon in the cladding is 
approximately 0.30, to 0.35 per cent. 
Fig. 3 in Keller and Brown’s paper! shows 
that with o.10 per cent Cu the grain 
boundaries in Alclad 24S are clearly 
brought out by Keller’s reagent. In a pure 
‘aluminum cladding all the copper is 
present as CuAls. Since the grain bound- 
aries in Rgzor are not revealed by Keller’s 
etch before the percentage of copper in the 
cladding has reached 0.40 to 0.45, it is 
evident that in R3or the first copper to 
diffuse combines with magnesium and 
silicon to form -the quaternary alloy, 
and only when all the available magnesium 
of silicon is combined will the copper form 
CuAly. When the free copper (not com- 
bined with magnesium and silicon) has 
reached 0.05 to 0.10 per cent, there is 
sufficient CuAl, formed so that the etching 
will bring out the grain boundaries. This 


in correspondence with the grain bound- 
aries and valleys inside the grain. This 
would tend to indicate that the first copper 
to diffuse, as shown by the boundary of 
zone B, moves as a continuous front, and 
only when the copper is not fixed inside 
the grain in the form of a quaternary 
compound does the diffusion take place 
faster at the grain boundaries. 

The diffusion of copper as a front, 
instead of in peaks and valleys as in clad- 
dings containing magnesium and silicon, 
has already been observed by Seeman 
and Dudek. The curves representing 
the diffusion of copper in the cladding, as 
measured by the 0.20 and 0.40 per cent Cu 
boundaries, are plotted in logarithmic 
scales in Figs. 4 to 8. These lines reveal 
that the first part of the curve, when 
plotted in logarithmic scale, is a straight 
line, as is to be expected from general 
considerations on diffusion. The last 
part of the diffusion curves, however, 
does not fall in a straight line, but shows 
an apparent acceleration of diffusion. 

This is caused by the fact that when the 
copper has reached the surface it begins 
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to build up, changing the diffusion condi- 
tions. This effect, which is maximum in 
light-gauge material where the thickness 
of the cladding is less, and therefore the 
copper reaches the surface earlier, is 
present in all the materials examined. 
Although the experimental results are 
not accurate enough to detect exactly 
when the change from straight line to 
curve takes place, it is to be expected that 
as soon as the copper reaches the surface, 
a change in direction of the curve will 
take place, and become more and more 
pronounced, the higher the percentage of 
copper at the surface. 

-All the curves representing the percent- 


age of copper at the surface have the same 


shape. The first part of the curve is a 
straight line, then there is a flattening down 
when complete diffusion is approached. 
The effect of the temperature is the same 
in all the curves—the higher the tempera- 
ture, the steeper the curve. Several differ- 
ences are to be noticed: The starting point 
is different for all the curves. Table 5 gives 
the time required by the copper to reach a 
concentration of 0.05 per cent at the sur- 
face. The time required for the copper to 


TABLE 5.—Time Required for the Copper to 
Reach 0.05 Per Cent at the Surface 


MINUTES 
Se aera 
1CK= ° ° ° 
RaeG 910°F 940°F 970°F 
to-5 In, 
0.025 187.5 ro 4 134 
0.040 200 25 8 234 
0.064 320 48 27 13 
0.102 255 47 23 I 
0.170 425 210 120 2 


“reach the surface increases with the thick- 


ness of the cladding, as is to be expected. 
Material of 0.102 gauge, with a thickness 
of cladding lower than 0.064 material, 
shows copper at the surface earlier. 
“Another appreciable difference between 
the various gauges is the height reached by 
the curves. In 0.025 and 0.040 material the 
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saturation, as evidenced by a tendency of 
the diffusion curve to become parallel to 
the abscissa line, is reached within the 
time of the test, at least for the higher 
temperatures. In the heavier gauges, the 
diffusion not only begins later but also 
progresses at a much slower rate, so that 
within the time of the test not only is 
saturation not reached, but some of the 
curves (as, for instance, those for 0.170- 
gauge material) barely reach the point at 
which a decided deflection starts to show. 
This difference in behavior is produced 
evidently by the difference in thickness 
of the cladding, which, by increasing the 
distance the copper must diffuse to reach 
the surface, produces a lower gradient and 
therefore a slower diffusion. 

The distance of the source of copper 
is not the only factor to influence the rate 
of diffusion. The amount of diffusion at 
the start has some influence. Table 6 shows 
the thickness of the zones A and B at the 


TABLE 6.—Thickness of Diffusion at the 
Start 


Thickness of Zones, 
107 


Cladding | Number 5 In. 

Thick- |of Anneals 
Gauge ness, in Fabri- 

=e z 

to-5 In. cation A B 
0.025 187.5 3 13 68 
0.040 200 2 10 50 
0.064 320 I 5 35 
0.102 255 I 6 38 
0.170 425 ° 3 15 


start. The difference in the amount of 
diffusion in the cold-rolled material can 
be explained only if the previous history 
of the material is considered. The number 
of intermediate anneals in fabrication, 
shown in column 3, has a decided effect. 
The material undergoes the intermediate 
anneals in coil form and the time required 
to bring the coils up to the annealing 
temperature is of the order of 15 to 20 
hr. This explains why, although the anneal- 
ing temperature is well below 800°F., some 
diffusion takes place during annealing. 
The 0.025-gauge material, which has the 
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maximum amount of intermediate anneals, 
shows the highest amount of diffusion at 
the start. The 0.170-gauge material, which 
does not undergo any intermediate an- 
nealing, shows a very small amount of 
diffusion, which probably takes place dur- 
ing hot-rolling. There is a small difference 
in the amount of diffusion present in 0.064 
and 0.102 gauge that cannot be due to the 
annealing, since both gauges underwent 
the same number of anneals. The reason 
for this may be that the 0.064-gauge 
material underwent a higher percentage 
of reduction after the last anneal than did 
the 0.102-gauge. 

The results of the corrosion tests show 
that the type of corrosion is dependent only 
on the amount of copper that has diffused 
‘at the surface. The thickness of the 
cladding, the soaking time and temperature 
affect the corrosion only as a consequence 
of their effect on the percentage of copper 
at the surface. When the copper at the 
surface is below 0.60 per cent approxi- 
mately, the corrosion is of the pitting type. 
When the copper at the surface is more 
than o.60 per cent, the type of corrosion 
changes and traces of intergranular cor- 
rosion begin to appear. When the copper 
at the surface is above 0.90 per cent, the 
corrosion is decidedly intergranular. 


CONCLUSIONS 


1. Diffusion in Rgor alloy follows the 
normal laws of diffusion. When plotted on 
a logarithmic scale, the diffusion at the 
beginning is a straight line. When the 
copper has reached the surface and cannot 
progress further, there is an apparent ac- 
celeration of the diffusion, which is caused 
by the building up of copper in the cladding. 
The rate of diffusion is dependent upon the 
temperature—the higher the temperature, 
the faster the diffusion. The rate of diffu- 
sion is also affected by the distance from 
the source of copper and by the amount of 
copper available, which is the amount in 
solid solution, rather than the total copper 


present in the alloy. The fabricating prac- 
tice has a decided effect on the amount of 
diffusion at the start and therefore affects 
also the subsequent diffusion to a certain 
extent. ; 

2. Microexamination reveals two lines 
of diffusion, one corresponding to 0.20 per 
cent Cu and the other to 0.40 per cent Cu. 
The first line is the boundary between the 
zone where the magnesium and silicon in 
the cladding are in the form of Mg.Si and 
Si and the zone where the magnesium and 
silicon have combined with diffused copper 
to form AlCuMgSi. The second line is the 
boundary between the zone in which all 
the diffused copper is combined with mag- 
nesium and silicon to form the quaternary 
AlCuMgSi and the zone in which there is 
an excess of copper present in the form of 
CuAls. In the zone where the copper com- 
bines with magnesium and silicon, the 
diffusion takes place as a continuous front; 
in the zone where the copper forms CuAlb, 
diffusion is faster at the grain boundaries. 

3. The type of corrosion to which the 
material is susceptible in the aged state is 
directly dependent upon the percentage of 
copper at the surface. When the copper at 
the surface is below 0.60 per cent, the 
corrosion is of the pitting type; when it 
is above 0.90 per cent, the corrosion is of 
the intergranular type. Between these two 
percentages the type of corrosion changes 
gradually from pitting to intergranular. 
The thickness of the cladding, the soaking 
temperature and the soaking time affect 
the type of corrosion only as a consequence 
of their effect on the percentage of copper 
at the surface. 
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PME: Crisler Dresidiaa) 


A. H. Gretster.*—Has the author investi- 
gated the influence of etching time upon the 
width of zones A and B? Does the width vary 
with etching time, and-does the width of both 
zones vary, or of one zone in particular? 


Cs F. Monpotro. (author’s reply)—There 
is no appreciable variation. I have investigated 
the etching several times. The result is that 
the pitted zone becomes more pitted, but the 
boundary does not move appreciably. At least, 
I was not able to measure any variation of the 
boundary. There may be slight variations, but 
they will be within the error of measuring. 


* Aluminum Co. of America, New Kensing- 
ton, Pennsylvania. 


Superheating of Magnesium Alloys 


By N. Trivner,* Junior Memser A.I.M.E. 
(Fall Meeting, October 1945) 


THE mechanical properties of mag- 
nesium-alloy castings are greatly improved 
by grain refinement, and at present con- 
siderable attention-is being paid to methods 
of obtaining fine-grained castings. One 
method of achieving this end is the use of 
proper melting and superheating tech- 
niques. These have been employed com- 
mercially to a great extent, but no 
comprehensive study of the subject appears 
to have been published at present. Numer- 
ous investigations found in the literature 
include some reference to superheating 
techniques,!- # and Achenbach, Nipper and 
Piwowarsky,® based principally on thermal 
analysis, ascribe the grain-refining action 
of superheating to the influence of solid 
foreign particles or dissolved gases present 
in the melt upon the course of crystallization. 

The primary purpose of this paper is to 
present the principal facts concerning the 
effect of superheating on grain size of 
magnesium alloys. Attempts are also made 
to explain the experimental results in terms 
of a general hypothesis. The investigations 
are limited chiefly to common commercial 
casting alloys. 

In order to carry on this work, it was 
necessary to determine the factors influ- 
encing grain size and to develop a proper 
technique for the preparation of samples. 


This paper represents part of a thesis sub- 
mitted to the Graduate Committee of Stanford 
University, Calif., in partial fulfillment of the 
requirements for the degree of Doctor of 
Philosophy. Manuscript received at the office 
of the Institute April 18, 1945. Issued as T.P, 
1935 in MetaLs TECHNOLOGY, October 1945. 

* Ankara, Turkey. ) 

1 References are at the end of the paper. 


The preliminary tests made by the author 
indicated that the grain size of magnesium 
alloys resulting from the solidification of a 
melt is determined by alloy composition, 
presence of impurities, rate of cooling dur- 
ing solidification, thermal history of the 
melt and to some extent the structure of 
the charge used. The rate of cooling is in 
turn dependent upon the mass of the melt, 
pouring temperature, and dimensions, 
properties and temperature of the mold into 
which the melt is poured. The final grain 
size of the alloys is still further modified 
by heat-treatment subsequent to casting. 

It is not within the scope of the present 
paper to discuss all of these factors, and 
it would suffice to note here that when 
equal amounts of magnesium alloys are 
prepared from the same alloying materials, 
melted in graphite crucibles under the same 
thermal conditions, then cast into graphite 
molds at a constant temperature, the 
resultant solids have the same grain size. 
By maintaining all other factors constant, 
it is thus possible to vary thermal condi- 
tions of a melt and to examine the grain 
size of resultant castings. 


PREPARATION OF SAMPLES AND GRAIN-SIZE 
TESTING 


The alloys investigated in this paper were 
taken from ingots made by Permanente 
Metals Corporation or prepared by the 
author with pure carbothermic mag- 


nesium and necessary alloying elements. | 


Melting was carried out under a flux in a 
graphite crucible heated uniformly by an 
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electric resistance furnace (Fig. 1). The 
flux consisted of 52.5 per cent KCl, 40 per 
cent MgCls, 6 per cent BaCl, and 1.5 
per cent CaF». The crucible was 4 in. 
high, 3 in. in diameter, and was protected 
against heat by a metal-coated steel cylin- 
der. The temperature was measured with 
a Chromel-Alumel thermocouple protected 
by an iron sheath and controlled within 
5° to 10°C. by hand regulation of current 
Map Ute oe 

The molds were made of graphite and 
were of cone shape, 5 in. high and 234 in. 
in diameter at the base (Fig. 1). Graphite 
molds can be used many times, and elimi- 
nate the effect of sand condition on grain 
size. The cone shape makes castings easy 
to examine and gives information on the 
variation of grain size with the thickness 
of the sections, which is of technical 
importance. Two sections of the cones— 
the first 1 in. in diameter (referred to as 
small section), and the other 114 in. in 
diameter (:eferred to as large section)— 
were chosen as reference sections, and, 
to eliminate the effect of chilling, grain 
size was measured in the central region 
of the sections as shown in Fig. 1. The 
samples were prepared in duplicate, the 
sections were marked with a special device 
and cut carefully with a lathe, so that 
the error resulting from the change in 
thickness of the sections was negligible. 
The pouring and the mold temperatures 
were about 700° and 300°C., respectively, 
as used in actual foundry practice. 

The presence of large amounts of 
B(Mg-Al) phase in cast alloys makes the 
grain boundaries difficult to recognize. The 
samples, therefore, were subjected to 
proper solution heat-treatment for a 
systematic determination of grain size. 
They were heated in a salt-bath furnace 
for 16 hr. at 400° to 415°C., then cooled 
in air. Heat-treatment may vary some- 
what with the composition of the alloys. 
It should be noted however, that heating 
for a long time is to be avoided, since this 
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process may lead to some grain coarsening. 
The proper sections of the homogenized 
samples were roughly prepared and polished 
in the usual way. Etching was done 
with either glycol etchant or with a solu- 
tion of 15 ml. of alcchol-saturated picric 
acid and 1 ml. of glacial acetic acid, the 
latter etchant being preferred for coarse- 
grained alloys. 

Grain-size testing was done by the 
traverse method. The sample was placed 
upon a microscope stage, the stage was 
moved for about 3 to 4 mm. successively 
in two directions perpendicular to one 


another, the grains traversing the center 


of the cross hair of the eyepiece were 
counted, and the average number of 
grains per millimeter was determined. 


The average number of grains per square’ 


millimeter was found by multiplying the 
square of that number by a correction 
factor of 0.8. This factor was determined 
by a large number of experiments by 
counting the number of grains per square 
millimeter as in Jeffries’ planimetric 
method® and comparing the result with 
the number as determined above. The 
traverse method is rapid and gives more 
accurate results than the measurements 
made in actyal laboratory practice by 
comparison. with a special microscope 
grain-size eyepiece. 


SUPERHEATING EXPERIMENTS 


Effect of Superheating Temperature and 
*Time 
The experiments now to be described 
were intended to examine systematically 
the variation of grain size with superheat- 
ing temperature and with time of holding 
the melts at that temperature. The alloy 
tested was carbothermic A.S.T.M. No. 47 
alloy with 8.6 per cent aluminum, 2.0 
zinc and 0.3 manganese. 
The samples, weighing 180 to 200 grams, 
were melted in a graphite crucible under a 
melting flux. The temperature of the 
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melt was raised to the desired point and 
kept steady for different periods of time. 
At the end of each period, the crucible 
was taken from the furnace, cooled to 
7oo°C. in still air, and immediately 
poured into graphite mold maintained at 
300°C. The grain size at two reference 
sections of solid cones was determined as 
described above. 

The results are shown in Table 1, which 
indicate that: (1) all other factors being 


TABLE 1.—Average Grain Size of A.S.T.M. 
No. 17 Alloy Superheated to Various 
Temperatures for Different Periods 


Ga pers Grains per Sq. Mm. 


Super- 
heating heating 
Tempera- Time, 
ture, Deg. C. Hr. Small Large 
Section Section 

700 4 40 32 
700 3 25 18 
750 44 35 30 
750 ss} 75 72 
800 4 50 40 
800 3 98 75 
850 o—-14 285 270 
850 1 280 250 
850 3 202 205 
900 4g 240 224 
980 4 95 80 


practically constant, grain size decreases to 
a minimum value as the temperature of 
superheating is increased to 850° to 
goo°C. and at still higher temperatures 
there is a tendency for grain coarsening; 
(2) holding a molten alloy for several 
hours at temperatures of 750° to 800°C. 
produces some grain refinement; (3) as 


superheating temperature is raised to 


850°C., or more, the time required for the 
grain refinement drops off to zero and a 
prolongation of superheating at these 
high temperatures has no additional effect; 
(4) thin sections have finer grains than 
thick ones; this was noticeable particularly 
for the sections with large differences in 


diameter. 


It has been stated in the literature’® 
that a prolongation of superheating time is 
advantageous in producing finer grains. 
The foregoing results indicate this state- 
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ment to be true only when superheating is 
carried out at low temperatures. 


Effect of Time of Cooling from Superheating 
to Casting Temperature 


In the foregoing experiments, the melt 
was brought from superheating to casting 
temperature in a few minutes and immedi- 
ately cast into molds. The present experi- 
ments were intended to investigate whether 
the time of holding the superheated melts 
at low temperatures before casting has any 
effect on grain size. 

The alloys, weighing 180 to 200 grams, 
were melted in graphite crucible under a 
melting flux, heated to 850°C. for 44 hr.. 
then cooled and held for different periods 
of time at the desired temperatures. At the 
end of each period, the crucible was taken 
from the furnace, cooled to 700°C. in still 
air, and immediately poured into graphite 
mold maintained at 300°C. 


TABLE 2.—Average Grain Size of Alloys 
Held for Different Periods at Low 
Temperatures before Casting 


Holding SoM ae 
Alloy Composi- | Tem- |Holding § : 
tion, Wt. pera- | Time, 
Per Cent ture, Hrs 3 
deg. C. Small | Large 
Section | Section 
700 v, 280 ae 
700 4 25 I 
$6 hee Zn- 700 é = om 
guile re wane 750 i ae ea 
800 2 I10 96 
700 o 120 95 
5.7 Al-2.9 Zn- 700 ¥4 35 20 
Oss u Vin ere 700 ae 22 Ts 
700 2 20 15 


The grain-size measurements, shown in 
Table 2, indicate that the superheating 
effect on grain size is gradually and com- . 
pletely neutralized by holding the molten 
alloys for increasing periods at low temper- 
atures before casting. The No. 17 alloy 
used in these and in the preceding 
experiments was taken from the same 
ingot. A corhparison of the grain-size 
measurements suggests that when the 
molten alloy is held at a given temperature 
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for a sufficiently long period of time, the 
effect of previous melting conditions prac- 
tically disappears. Within a certain limit, 
the castings have the same grain size 
whether the melt is brought to the de- 
sired temperature from lower or from 
higher temperatures. 


Effect of Structure of Charge 


These experiments deal with the effect of 
the structure of the charge upon the final 
grain size of magnesium alloys subjected 
to a given thermal treatment. 

An alloy of A.S.T.M. No. 17, same 
composition as before, was melted in 
graphite crucible, and then cooled slowly 
in an enclosed atmosphere. The solid 
obtained had a coarse-grained structure, 
containing approximately 5 to 8 grains per 
sq. mm. Another sample of the same alloy 
was prepared by melting, superheating and 
casting into small chilled graphite molds. 
This casting had a fine-grained structure, 
containing 400 or more grains per square 
millimeter. 

A 150-gram sample of the coarse-grained 
alloy was then quickly remelted in graphite 
crucible. When the temperature had 
reached 670°C., the crucible was taken 
from the furnace and the melt immediately 
poured into graphite mold maintained at 
300°C. This procedure was repeated with a 
sample of the fine-grained alloy. The melt- 


TABLE 3.—Average Grain Size of Castings 
Prepared from Coarse-grained and Fine- 
grained Alloys (A.S.T.M. No. 17) 


Structure 
of Charge 
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ing in both cases lasted about 5 min. Other 
samples were melted for 14 hr. at 720°, 
800° and 850°C., respectively, and cast at 
700°C. into graphite mold. 

Table 3 shows the average grain size of 
the castings prepared from coarse-grained 
and fine-grained alloys as described above. 
It is to be noted that: (1) all other factors 
being practically constant, the grain size of 
an alloy varies with the structure of the 
sample before melting; (2) this variation in 
grain size is pronounced when the melts are 
superheated at low temperatures, but de- 
creases and practically disappears as the 
superheating temperature is increased. 


Effect of Repeated Superheating 


It has been found that the difference in 
the average grain size of the alloys ob- 
tained from coarse-grained and fine-grained 
charges practically disappears when the 
melt is superheated to high temperatures. 
The present experiments determine whether 
the average grain size remains constant 
when superheating the melts at high 
temperatures is repeated. 

A melt of A.S.T.M. No. 4 alloy (5.7 per 
cent aluminum, 2.9 zinc and 0.33 manga- 
nese) was superheated to 840°C. in a 
graphite crucible for r5 min. The crucible 
was then taken from the furnace, cooled to 
700°C., and the melt poured into three 
graphite molds maintained at 300°C. One 
cone was tested for grain size, the remain- 
ing two were remelted, superheated and 
cast under the same conditions as before. 
The procedure was repeated with the third 
cone. It was found that the three cones had 
110, 98 and 105 grains per sq. mm. in small 
sections, and 90, 85 and go in large ones, 
respectively. : 

A melt of the alloy was superheated to 
850°C. for 15 min. The crucible was then 
taken from the furnace, cooled to 700°C., 
one cone was poured and the crucible re- 
turned to the furnace to superheat the 
melt again to 850°C. for 15 min. Another 
cone was poured in the same manner, and 
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the crucible returned to the furnace to 


superheat the melt to 850°C. for 15 min. 
before the third cone was poured. The pro- 
cedure was carried out also with other 
alloys. . 

The results are given in Table 4. It can 
be noted that repeated superheating of 
molten magnesium alloys at high tem- 
peratures does not produce any appreciable 
change in the average grain size of the 
resultant castings. 


TABLE 4.—Average Grain Size of Re- 


peatedly Superheated Melis 
GRAINS PER SQ. Mm. 


First Second Third 


Superheat | Superheat | Superheat 
Aton Coma. fs 
position, Wt. 
Per Cent |Small|/Large|Small|/Large/Small|Large 
: Sec- | Sec- | Sec- | Sec- | Sec- | Sec- 
tion | tion | tion | tion | tion | tion 
5.7 Al-2.9 Zn- 
0.33 Mn....| I15 95 | 105 85 | 110 | 100 
8.9 Al-2.0 Zn- 
Ona Minis... 2 TOOe} E25 SSO | 20 | T45) | EUS 
9.0 Al-o.2 Mn.| 150 | I10 140 | 105 


It has been stated by Beck,! Achenbach, 
Nipper and Piwowarsky® that the effect 


of superheating carries over through re- 


melting steps. The preceding experiments 


_ with charges of different grain size and 


_ with repeatedly superheated melts indicate 


this statement to be true to a limited 
extent; namely, when superheating is 
carried out at low temperatures. When 
the final superheating before casting is 
done at a proper temperature, no additional 
benefits are realized from previous super- 
heating. The same result was reported 
recently in an article by Nelson.‘ 


Effect of Stirring 


It was found that superheating effects 
may be obtained at 800° to 750°C., but 
the effect at these temperatures was rather 
small and the time required long. It would 
naturally be of interest to investigate 
whether stirring the melts at low tem- 
perature of superheat has any effect on 
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grain size of castings. To this end, a 
sample of molten No. 17 alloy was strongly 
stirred for 30 min. with an electrically 
driven iron stirring rod. The temperature 
of the melt. was maintained at about 
800°C. To prevent an excessive heating of 
the electric stirrer, the stirring rod was 
made long and constantly cooled at one 
end with a wet cloth. Burning of the melt 
was partially overcome by _ continual 
addition of melting flux. When stirring 
was completed, the crucible was taken from 
the furnace, cooled to 700°C., and the 
melt was immediately poured into graphite 
mold. Grain-size testing showed -that the 
castings had an average of 290 grains per 
sq. mm. in small section and 260 in large 
one. Stirring at 800°C. causes, then, a 
considerable grain refinement of the alloys. 

The procedure described may be applied 
to actual foundry practice, to save some 
of the heat power used in superheating. 
It is necessary, however, to develop a 
proper stirring technique in order to 
prevent oxidation of the melt and introduc- 
tion of flux into castings. It should also 
be noted that if stirring is carried out at 
700° to 720°C., there is a tendency for 
grain coarsening. 


Superheating in Vacuum 


Superheating of magnesium alloys is 
carried out usually under a melting flux in 
the presence of air. It is desirable, there- 
fore, to determine whether the atmospheric 
gases are associated with the alloy and 
have an influence on grain size of castings. 

Magnesium alloys cannot easily be 
superheated in the common vacuum (or 


‘ controlled-atmosphere) furnace for melt-. 


ing small metal samples by induction; 
because magnesium, owing to its high 
vapor pressure (2.28 mm. of mercury at. 
650°C. and 166 at g50°C.), evaporates 
and condenses in the cold parts of the 
furnace. For this reason a special technique 
was developed to superheat the melts 
under high vacuum. 
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Melting was done in small graphite 
crucibles, 114 in. high and 14 in. in di- 
ameter. The samples were cut into cylin- 
drical shape to fit in the crucibles, and 
the crucibles were placed in silica tubes 
7g in. in diameter. The tubes were reduced 
in diameter to about \% in. at a distance 
4 in. from the bottom, and were attached 
to a high-vacuum pump. The pressure 
was reduced to approximately o.ocor mm. 
of mercury, the sample was brought to a 
little above its melting point, to drive out 
dissolved gases, and the top of the tube 
was sealed off. The silica tubes were then 
lowered into a resistance furnace. A 
temperature difference of 15° to 20°C. 
was provided between the top and the 
bottom of the silica tubes, to prevent the 
accumulation of the magnesium vapor on 
the top of the tubes. The samples were 
held for 14 hr. at the desired temperature, 
then taken from the furnace and cooled 
in an air blast projected at a constant 
rate to the bottom. After solidification 
had been completed, the tubes were 
broken and the average grain size of the 
- solids at proper sections was determined. 

For comparison, another set of samples 

was prepared under the same conditions, 
except that the melting and solidification 
were carried out under a melting flux in 
the presence of air with open silica tubes. 

Table 5 shows the average grain size of 
the castings. Superheating magnesium 
alloys in the presence of air, as well as in 
vacuum, produces an appreciable grain 
refinement. When melted in vacuum, 
magnesium vapors rising above the molten 
alloy, particularly at high temperatures, 
reacted with silica to form a thin film of 
magnesium silicide on the walls of the 
container; some of the vapor also con- 
-densed on the walls during solidification. 
The metal thus lost probably caused a 
shift in the composition of samples. The 
percentage loss was, however, not very 
large (from 5 to 11 per cent), and the 
effect of the shift in composition on grain 
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size could be neglected. The addition of 
flux to samples melted in vacuum had no 
appreciable effect on grain size. 

It is apparent that the grain-refining 
effect of superheating cannot be attributed 
to variations in the gas content of magnesi- 
um alloys, a hypothesis that was pointed 
out as a possibility by Achenbach, Nipper 
and Piwowarsky.® 


TABLE 5.—Average Grain Size of Mag- 
nesium Alloys Melted in Vacuum and in 
the Presence of Air 


Super- |Grains 
Alloy Composition, Melting | heating per 
Wt, Per Cent Medium | Temp., Sq. 
Deg. C. | Mm 
air 680 7 
air 870 32 
5.7 Al-2.9 Zn-0.33 Mn vacuum 680 20 
vacuum 870 40 
vacuum 870 45 
air 680 20 
air ri be 65 
vacuum Oo 25 
8.6 Al-2.0 Zn-0.3 Mn rani 750 45 
vacuum 870 70 

Bubbling Various Gases through Super- 


heated Melis 


Elimination of dissolved gases from 
magnesium alloys by melting in vacuum 
showed no appreciable effect on grain size. 
A logical continuation of the experiments 
would be to examine the effect of bubbling 
various gases through molten alloys upon 
the grain size of castings. The work was 
limited to carbothermic A.S.T.M. No. 17 
alloy, and to bubbling of hydrogen, 
nitrogen, chlorine and helium. 

A stream of hydrogen from a_high- 
pressure cylinder was passed through the 
molten alloy by means of an iron tube 
extending to the bottom of the crucible. 
The passage of hydrogen was sufficiently 
rapid to produce the effect of a moderate 
ebullition of the melt, without ejection 
of liquid from the crucible, and the tem- 
perature of the melt was 700°, 750°, 820°, 
875° and 920°C., respectively. After 
hydrogen had been bubbled for about 
4g hr., the crucible was taken from the 
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furnace and the melt poured immediately 
into graphite mold. Visual inspection of 
the longitudinal sections of the cones 
showed that the castings from 700° and 


a b (o 


750°C. exhibit very little visible cavities 
(blowholes), while the others contain a 
large number of cavities (Fig. 2). It is, 
therefore, evident that hydrogen is dis- 
solved in the molten alloy in increasing 
amounts with temperature, and _ that 
upon cooling the alloy became super- 
saturated and the excess gas is set free. 
The castings made by bubbling hydrogen 
through the molten alloy had somewhat 
finer grains than those made without 
bubbling gas, particularly at small sections. 
It is, however, not certain whether this 
grain refinement is due to the influence of 
hydrogen set free during cooling upon the 
process of crystallization, or the presence 
of large cavities causes a change in the 
cooling rate and thus indirectly affects 
the grain size. 
No effect was noted on grain size ‘of 
the castings obtained by bubbling nitrogen, 
chlorine and helium through the molten 
alloy at high temperatures. Nitrogen forms 
a brown “scum” ’ (magnesium nitride) 
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on the surface of the alloy, and chlorine, 
magnesium chloride. These compounds 
are always present in small amounts in 
the melt as a result of the reaction with 


d e 
Fic. 2.—LONGITUDINAL SECTIONS OF TEST CONES OF A CARBOTHERMIC NO. 17 MAGNESIUM 
ALLOY, ILLUSTRATING EFFECT OF BUBBLING HYDROGEN THROUGH MELTS AT VARIOUS TEMPERATURES. 


x \%. 


en TOO Pt 5On Cay 320 aries es es 920°C. 


the air and the contamination with fluxes. 
The results indicate that an increase in 
the formation of these compounds has no 
appreciable effect on grain size. 

The passage of an inert gas (insoluble 
and chemically inactive), such as helium, 
through molten alloy may cause the 
removal of dissolved gases from the alloy, 
as has been shown by Archbutt,’ Tullis,® 
Rosenhain and his associates? for molten 
aluminum and its alloys. This procedure 
has, therefore, no effect on the grain size 
of magnesium alloys, a fact that agrees 
with the results on superheating in vacuum. 


Deoxidation of Superheated Melts before 
Casting 


These experiments deal with the effect 
of the deoxidation of superheated melts 
upon the final grain size of castings. The 
work was limited to carbothermic A.S.T.M. 
No. 4 alloy (5.7 per cent aluminum, 2.9 
zinc and 0.33 manganese), and to the use 
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of lithium and potassium as deoxidizing 
media. 

A 300-gram sample of the alloy was 
melted and refined with flux in graphite 
crucible. The melt was heated for 1o min. 
at 870°C., then the crucible taken from the 
furnace and cooled in still air. When the 
temperature reached 735°C., lithium or 
potassium, in amounts ranging from 1 to 2 
grams,-was submerged into the melt, and 
vigorously stirred for about }4 min. The 
deoxidizing metal was placed in small 
cylinders of No. 4 alloy attached to the 
stirring rod and the rod was submerged 
quickly into the melt, so that no reaction 
between the deoxidizing metal and the 
atmosphere had taken place. The alloy 
cylinders remained solid during the short 
period of stirring. When stirring had been 
completed, the melt was cooled to 700°C. 


and immediately poured into graphite — 


mold. This procedure was repeated with- 
out using deoxidizing metal for control pur- 


poses, and also under a sulphur dioxide 


atmosphere by dusting on sulphur to the 
melt surface, 

The measurements of grain size of cast- 
ings showed that the deoxidizing of No. 4 
alloy with lithium or potassium under a 
cover of flux or sulphur dioxide atmosphere 
has little refining effect in large sections of 
the cones or no effect at all on grain size. 


Alloying Constituents and Superheating 
Effect 


These experiments were intended to 
study the dependence of the superheating 
effect on the alloying constituents of mag- 
nesium. The samples, weighing . approxi- 
mately 200 grams, were taken from a pure 
carbothermic magnesium ingot or from 
alloy ingots, prepared under similar con- 
ditions with pure carbothermic magnesium 
and alloying materials, and were melted in 
graphite crucible under a protecting flux. 
One series of samples were heated for 14 hr. 
at 700°C. and then cast at that temper- 
ature into graphite mold of 300°C. Another 
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series of samples were heated for }4 hr. at 
850°C., then the crucibles were taken from 
the furnace, cooled to 700°C. in still air and 
the melts were immediately poured into 
graphite mold of 300°C. 

The results of grain-size testing are 
shown in Table 6. The superheating effect 


TABLE 6.—Average Grain Size of Various 
Normal and Superheated Magnesium- 
rich Alloys 


Melt | Grains per Sq. Mm. 
Alloy Composition, Erg 
Wt. Per Cent Se: Small Large 
Deg. C.| Section | Section 
Pure Mei eaeer eis 700 | Coarse columnar 
grains 
Pure: Me con.ckieaerete.« 850 Coarse columnar 
- grains (as above) 
SMe atictsn eee 700 Columnar grains 
Minn iaie nin echatenanne 700 | Columnar grains (as 
above) 

© AL. ..kcencdelncierte 700 35 25 
9 Ales eae 850 60 40 
SIOZ de dats Set alee 700 15 pas) 
BO: Llc dah re anle gee win 850 14 12 
G.0/20.. tices Gieh oie ote 700 32 25 
(McA: Ce cr > see ee 850 30 23 
ToOAl=0.3 "Mri jcc-o 700 35 25 
10) Als0.4 Mniice ce 850 180 150 
Z:0;On-o55, Mrncccy, si 700 15 rT 
3.0 Zn-0.1 Mn. .... a6 850 15 Bae) 
6 2n-£, Maes ieee os 700 30 20 
6 Z2n-1 Mins. cont foun 850 25 16 
6 Alep Dns 7 2 eis een oe 700 40 30 
6 Ala9 Zine ack crete cia 850 80 62 
5.7 Al-2.9 Zn-0.33 Mn.| 700 35 30 
5.7 Al-2.9 Zn-0.33 Mn.| 850 120 95 
8.6 Al-2.0 Zn-0.3 Mn..| 700 40 32 
8.6 Al-2.0 Zn-0.3 Mn..| 850 280 250 


is not noticeable in pure magnesium, mag- 
nesium-manganese, magnesium-zinc, and 
magnesium-zinc-manganese alloys, but is 
apparent in magnesium-aluminum and 
magnesium-aluminum-zine alloys, and the 
effect is considerably increased by the addi- 
tion of small quantities of manganese to 
these two alloys. 

Pure magnesium and magnesium-manga- 
nese binary alloy exhibited columnar 
grained structures and no accurate grain- 
size measurements could be made. The 
macrographs of large sections of these 
castings are shown in Figs. 3 and 4. The 
grains of magnesium-manganese binary 
alloy appear to be somewhat smaller than 


those of pure magnesium, but in both © 
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Zz castings no appreciable effect of super- Magnesium ingots used in the prepara- 
heating on grain size is noticeable. Mag- tion of the alloys were very pure and con- 
nesium-manganese alloy castings were tained approximately o.oo1 per cent iron, 
made from a pre-alloy containing 3 percent 0.01 calcium, 0.01 lead, 0.005 silicon, 0.000 


Fic. 3.—CROSS SECTIONS OF PURE MAGNESIUM TEST CONES. ETCHED IN PICRIC-ACETIC ACID 
ETCHANT. X 2. ESS 
a. Heated at 700°C. for 14 hour. 
b. Superheated at 850°C. for 14 hour. 


fey Fic, 4.—Cross SECTIONS OF MAGNESIUM-MANGANESE ALLOY TEST CONES. ETCHED IN PICRIC- 


. ACETIC ACID ETCHANT. X 2. 
a a. Heated at 700°C. for 4 hour. 
= b. Superheated at 850°C. for }4 hour. 


manganese. Upon remelting, the manga- copper, 0.000 nickel and o.coo manganese. 
nese content of the superheated alloy Commercial zinc was also of satisfactory 
remained practically constant, whereas that purity, but aluminum contained too much 
of the normal alloy dropped to 2 per cent. iron-(about 0.15 per cent). Attempts were 


a 
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made to determine whether the presence of 
iron in the castings has any effect on grain 
size. The effect of manganese additions was 
also studied in more detail. 

Table 7 shows the grain size of mag- — 
nesium alloys containing g to to per cent 
aluminum and various amounts of iron or 
manganese. Aluminum used in the prepara- 
tion of these samples was high-purity 
aluminum. Iron was added by stirring iron 
powder into the molten alloy, and manga- 
nese through the use of a prealloy made by 
reducing pure MnCl, with pure magnesium. 
Chemical and spectrographic analyses of 
the samples are also given. It is to be noted 
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Furthermore, the superheating effect is 
more or less increased with increasing 
amounts of iron or manganese. Because of 
the difficulties in determining and con- 
trolling the exact size of the grains, the 
study of the superheating effect as a func- 
tion of iron or manganese content was 
semiquantitative, and no sharp tolerance 
limits for iron or manganese were estab- 
lished. However, attempts were made to 
determine accurately the liquid solubility 
of manganese or iron in magnesium- 
aluminum alloys as a function of temper- 
ature. The results concerning the solubility 
of manganese was reported in an earlier 


TABLE 7.—Magnesium-aluminum Alloys Containing Various Amounts of Iron or 
Manganese 


Average Grain Size 


Wet Analysis, Per Cent 


Ingot Grains per Sq. Mm. 


Spectrographic Analysis, Per Cent 


No. | Superheat- 
ing Tem- 
Seige Wir Em bag 
eg. C. ma arge 
Section | Section Al Mn 
I 700 34 25 9.0 
2 850 30 25 8.9 
3 860 68 40 9.8 
4 850 85 56 8.9 
5 700 45 30 8.9 0.02 
6 850 52 40 One 0.02 
7 700 34 25 10.3 0.16 
8 850 ° 170 130 10.2 0.19 
9 850 208 164 10.2 0.48 
10 850 290 242 9.8 0.98 


Fe Si Ca Pb; Cu Zn 
0.013 | 0.005 | 0.001 | 0.001 | 0.002 0.005 
0.001 | 0.001 | 0.002 | 0.001 | 0.001 0.005 
0.032 | 0.01 0.00r | 0.001 | 0.0005 | 0.005 
0.050 | 0.01 0.005 | 0.005 | 0.005 0.005 
0.012 | 0.005 | 0.001 | 0.001 | 0.005 0.001 
0.015 | 0.01 0.001 | 0.001 | 0.002 0.001 
0.010 | 0.01 0.001 | 0.002 | 0.0005 | 0.005 
0.015 | 0,02 0.001 | 0.001 | 0.0005 | 0.005 
0.020 | 0.03 0.001 | 0.001 | 0.0005 | 0.005 
0.020 | 0,02 0.001 | 0.001 | 0.0005 | 0.005 


that: (1) magnesium-aluminum alloys show 
no appreciable superheating effect when 
prepared from high-purity alloying ma- 
terials, particularly when iron content is 
0.001 per cent or less; (2) magnesium- 
aluminum alloys containing 0.03 or more 
iron show some grain refinement on super- 
heating; and (3) the addition of 0.02 per 
cent manganese to magnesium-aluminum 
alloys has little or no effect on grain size, 
while the addition of 0.19 per cent or more 
manganese causes considerable grain re- 
finement on superheating. 
Magnesium-aluminum alloys appear to 
exhibit superheating effect if they contain 
iron or manganese above certain limits, 


work.!° It is sufficient to note here that the 
solubility of manganese or iron in liquid 
magnesium decreases with increasing alu- 
minum contents and increases with in- 
creasing temperature. Near the freezing 
point, magnesium alloys containing about 
8 per cent aluminum can dissolve approxi- 
mately o.1 per cent manganese, and those 
containing 9 per cent aluminum can dis- 
solve approximately 0.005 per cent iron.* 
Examination of the data on grain size in 
the light of these findings reveals that mag- 
nesium-aluminum alloys exhibiting super- 


* These results are approximate and are 
found by extrapolating curves for the logarithm 
of solubility vs. reciprocal temperature. 
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heating effect contain iron or manganese in 


- amounts above the solubility limit of these 


elements in the molten alloys near the 
freezing point. 
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Fics. 5—8.—MAGNESIUM ALLOYS. X 150.* 
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manganese and iron appear as separate 
constituents (inclusions) within the grains 
(see Figs. 13 and 14). The number of inclu- 
sions observed under the microscope seems 


Fig. s. Containing 9.0 per cent aluminum 0.013 per cent iron. Heated at 700°C. for 30 minutes; 


34 grains per sq. mm.* 


Fig. 6. Containing 8.9 per cent aluminum, o.oo1 per cent iron. Superheated at 850°C. for 30 


minutes; 30 grains per sq. mm. 


Fig. 7. Containing 9.8 per cent aluminum, 0.032 per cent iron. 


minutes; 68 grains per sq. mm. 
Fig. 8. Containing 8.9 per cent aluminum, 

_ minutes; 85 grains per sq. mm. 
‘The micrographs (Figs. 5 to 12) illustrate 
the effect of various amounts of iron or 
“manganese on grain size of magnesium- 


~ aluminum alloys in small sections. Both 


ae * Samples of Figs. 5 to 12 homogenized and- 


etched in glycol etchant. Grain-size estimates 


~ refer to the small sections of test ingots and toa 
_ much larger surface area than is included on 


these micrographs, 


ve a 3 


Superheated at 860°C. for 30 


0.050 per cent iron. Superheated at 850°C. for 30 


to-have no definite relation to grain size; 
the areas containing higher manganese or 
iron concentration (segregation) had prac- 
tically the same grain size as those con- 
taining lower concentration. 

The addition of small amounts of iron to 
No. 4 alloy showed no additional increase 
in the superheating effect. The No. 4 


254 SUPERHEATING OF MAGNESIUM ALLOYS 


alloys containing 0.5 per cent silicon or 1 
per cent antimony or cobalt had somewhat 
finer grains on superheating than the base 
No. 4 alloy. 


Fics. 9-12.— MAGNESIUM ALLOYS. X 150. 
Fig. 9. Containing 9.1 per cent aluminum, 0.02 per cent manganese, 0.015 per cent iron. 
Superheated at 850°C. for 30 minutes; 52 grains per sq. mm. ‘ 
Fig. 1o.—Containing 10.2 per cent aluminum,.o.19 per cent manganese, 0.015 per cent iron. 
_ Superheated at 850°C. for 30 minutes; 170 grains per sq. mm. 
Fig. 11.—Containing 10.2 per cent aluminum, 0.48 per cent manganese, 0.020 per cent iron. 
Superheated at 850°C. for 30 minutes; 208 grains per sq. mm. 
Fig. 12,—Containing 9.8 per cent aluminum, 0.98 per cent manganese, 0.020 per cent iron. 
Superheated at 850°C. for 30 minutes; 299 grains per sq. mm. 


Superheating and Undercooling 


The relationship between superheating 
and subsequent undercooling for mag- 
‘nesium-aluminum and magnesium-alumi- 
num-zine alloys has been investigated, 
with great precision, by Achenbach, 


Nipper and Piwowarsky.® The experiments 
now to be described were intended to ex- 
tend this thermal analysis to pure mag- 
nesium, and to magnesium-aluminum and 


Io 


12 


magnesium-aluminum-zinc alloys contain- 
ing small quantities of manganese. 

The specimens, weighing approximately 
80 grams, were melted in a graphite 
crucible, 2 in. high and 134 in. in diameter. 
The temperature was brought to the de- 
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J . 
Fic. 13.—TyPICAL APPEARANCE OF MANGANESE CONSTITUENT OF A MAGNESIUM ALLOY (10.0 PER 
CENT Al, 0.3 PER CENT Mn) CASTING. UNETCHED. X 1000. 
Fic. 14.—TvyPICAL APPEARANCE OF IRON CONSTITUENT OF A MAGNESIUM ALLOY (9.8 PER CENT Al, 
; 0.032 PER CENT Fe) CASTING. UNETCHED. X 1000. 
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sired point, then, the crucible was taken 
from the furnace and allowed to cool in 
still air. A small iron-constantan thermo- 
couple, insulated with a thin sodium 
chloride film (m.p. 804°C.), was dipped 
into the melt. The salt film was prepared 
by dipping the thermocouple into a molten 
sodium chloride bath, and the actual junc- 
tion was left in direct contact with the 
molten metal. The small mass and heat 
capacity of thermal elements provided a 
great sensitivity, so that a small evolution 
of heat accompanying phase changes was 
detectable. 

The thermocouple was connected to a 
Leeds and Northrup precision potentio- 
meter, which was provided with a sensitive 
mirror galvanometer having a temperature 
range of about 10°C. (4 divisions per 
degree). First curves for time vs. temper- 
ature were manually recorded to determine 
liquidus points; then the potentiometer 
current was set at the values corresponding 
to liquidus points, and the deflection of the 
galvanometer was noted. During cooling 
the temperature drops uniformly, and a 
sudden rise in temperature, associated with 
undercooling, is indicated by a backward 
deflection of the galvanometer. With a few 
trials, it was possible to adjust the potenti- 
‘ometer current properly and to read the 
magnitude of this backward deflection on 
the dial. 

The degree of undercooling of the speci- 
mens superheated to various temperatures 
and the grain size of the resultant and solids 
are shown in Table 8. The measurements of 
undercooling for a given thermal treatment 
of the melt are not completely consistent, 
particularly for pure magnesium. It is not 
certain whether this is due to an inherent 
probability factor in the process of forma- 
tion of nuclei, as is suggested by the 
experiments of Lange,!'"—who finds that 
the formation of nuclei in zinc, cadmium 
and lead for a given amount of under- 
cooling is an exponential function of time— 
or that the control of conditions in these 
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experiments is inadequate. Qualitatively, 
however, it can be stated that in the pure 
magnesium and magnesium-zinc alloy there 
is no definite correlation between the 
temperature of superheating and _ the 
amount of subsequent undercooling, while 
in the magnesium-aluminum-manganese 
and magnesium-aluminum-zinc-manganese 
alloys, superheating tends to decrease the 
magnitude of subsequent undercooling. 


TABLE 8.—Undercooling and Grain Size of 
Pure Magnesium and Magnesium-rich 
Alloys 


Undercooling | 


Alloy Num-| Esti- Grains 
Composition, ber of | mated per 
Wt. Per Cent ivi- | Tem- | Sq. Mm. 

sions | pera- 
on the| ture, 
Dial | Deg.C. 


9 Al-2 Zn-0.15 Mn 


9 Al-o.2 Mn..... 


HOHNNWOOCNHONHHHHWHWWHE 
eccooooooocooocooooooooooorn 
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The grain size of pure magnesium and 
magnesium-zinc alloy shows no appreciable 
change on superheating, whereas that 
of magnesium-aluminum-manganese and 
magnesium-aluminum-zinc-manganese al- 
loys tends to decrease. This grain refine- 
ment is associated with a decrease in the 
degree of undercooling in agreement with 
thermal analysis of Achenbach, Nipper and 
Piwowarsky. Owing to slow cooling, the 
grain size of the specimens was large, and 
the grain refinement on superheating was 
not pronounced, as in the alloy castings 
previously reported. 
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ATTEMPTS TO EXPLAIN THE SUPERHEATING 
EFFECT ON GRAIN SIZE 


According to the crystallization theory 
developed by Tammann!!’ the grain size 
of a cast metal or alloy is determined by the 
rate of spontaneous formation of nuclei and 
the rate of crystal growth. Whenever the 
latter, for any reason, becomes the more 
predominant factor in the solidification 
process, there are relatively few centers of 
crystallization, but these few nuclei grow 
rapidly into a few large grains, and the 
resultant solid will possess a generally 
coarse-grained structure. On the other 
hand, if the rate of nucleation is rapid as 
compared with the growth rate, a large 


- number of growing grains marks the prog- 


ress of solidification almost from the start, 

and the final solid will be fine-grained. 
Molten metals or alloys may frequently 

contain foreign particles and/or crystal 


residues from the stable condition before 


melting, which act as nuclei for crystal 
growth. Since the number of spontaneously 
formed nuclei will be augmented by these 
crystallization centers, the structure of the 
final solid in this case will be dependent on 
the number of crystallization centers pre- 
existing in the melt at the freezing point, as 
well as the relative predominance of the 
rates of spontaneous nucleation and crystal 
growth. Superheating effect on grain size of 
cast metals or alloys has been ascribed by 
various investigators almost exclusively to 
the influence of these preexisting nuclei 
upon the course of crystallization. In an 
attempt to explain the grain refinement of 
magnesium alloys by superheating, the 
following train of thought may be disclosed® 

1. The superheating effect on grain size 


of magnesium alloys can be attributed 


neither to metal lattice residues from the 
stable condition before melting, as pro- 
posed by Mitsche™ for pure aluminum, nor 
to crystalline adsorption layers persisting 
on impurities, as suggested by Richards!® 
for salol and other substances. For these 
metal residues or adsorption layers on im- 
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purities would progressively be destroyed 
with increasing temperature of super- 
heating, and hence the magnitude of under- 
cooling during subsequent cooling would be 
increased with superheating temperature, 
and also the time of holding the melts at 
low temperatures before casting would have 
no neutralizing effect on superheating. Both 
of these effects are not confirmed by the 
present experimental work. It is, therefore, 
reasonable to assume that the foreign par- 
ticles (minor constituents) are largely re- 
sponsible for the superheating effect. 

2. The minor constituents of a melt 
that may act as crystallization centers 
may be dissolved gases set free during 
solidification, metallic or nonmetallic par- 
ticles in solid or liquid form. The absorption 
of gases and the formation of reaction 
gases are in general increased by super- 
heating. During subsequent cooling they 
may be supersaturated and set free, and 
possibly affect the course of crystalliza- 
tion, as pointed out by Achenbach, Nipper 
and Piwowarsky.® The removal of dis- 
solved gases from magnesium alloys by 
melting in vacuum or by the passage of 
an inert gas, such as helium, through the 
melt, does not suppress the superheating 
effect. Consequently, it is not feasible to 
assume that dissolved gases are of major 
importance in the grain refinement of 
magnesium alloys by superheating. Bub- 
bling hydrogen through a melt at elevated 
temperatures produced some grain re- 
finement, but no definite conclusion could - 
be reached regarding the mechanism of 
this effect. 

3. Suspended liquid slag particles or 
insoluble solid particles present in the 
melt preferentially flow together or sepa- 
rate from the melt at high temperatures, 
because of decrease in viscosity.!® In such 
cases, the preexisting crystallization centers 
in the melt should be reduced, and the 
undercooling tendency of the melt in 
subsequent cooling should be increased. 
Thermal analysis shows that superheating 


! 
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of magnesium alloys is not accompanied 
by an increase but by a decrease in the 
magnitude of undercooling. Therefore, a 
direct nucleating action of suspended 
liquid slag particles or completely insol- 
uble solid particles cannot be expected. 
4. Against the possibility that at the 
higher melt temperatures a reduction of 
minor constituents can take place and 
otherwise possible nuclei formation is 
thus decreased, one may cite the argument 
imparted in the previous paragraph; 
namely, the decrease in the magnitude of 
undercooling by previous superheating. 
5. At the higher melt temperatures 
there can be an increased oxidation (or 
nitridation), leading to an increase in 
the number of nonmetallic particles. How- 
ever, this assumption is not easily recon- 
ciled with the facts that pure magnesium, 
magnesium-zinc and extremely pure mag- 
nesium-aluminum alloys do not show any 
appreciable grain refinement by super- 
heating. Furthermore, avoiding the forma- 
tion of oxide and nitride inclusions by 
melting in a vacuum or destroying these 
inclusions by treatment with a powerful 
deoxidizing agent such as lithium, or 
potassium, does not reduce the effect of 
superheating on grain size of the alloys. 
6. It is, therefore, probable that the 
superheating effect depends largely on 
an influence of solid soluble minor con- 
stituents upon the course of crystalliza- 
tion. This hypothesis is substantiated by 
thermal analysis and by the fact that when 
sufficient time is allowed for the establish- 
ment of equilibrium conditions, the super- 
heating effect will be independent of the 
previous thermal treatment of the melt 
and will be the same, within certain limits, 
whether the melt is brought to the desired 
temperature from lower or from higher 
temperatures. , 
According to Achenbach, Nipper and 
Piwowarsky,®’ some material that at 
normal temperatures is too large in 
particle size to be effective is taken into 
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solution at the high temperatures, and 


reprecipitates to form fine nuclei during © 


the cooling process, thus causing a grain 


refinement. If the melt stands for some ~ 


time at low temperatures before casting, 


the precipitated particles coagulate or — 


grow so that a favorable action on grain 
size can no longer be expected. The at- 
tempts made in the present work to 
determine the nature of the solid soluble 
material responsible for the superheating 
effect indicate that manganese and iron 


are important in this connection. Mag- — 


nesium-aluminum alloys containing very 
small amounts of iron or manganese do 
not show any appreciable superheating 


effect, whereas those containing iron or © 


manganese above the solubility limit near 


the freezing point of the base alloy show © 
a more or less pronounced grain refinement — 
by superheating. The addition of man- — 


ganese to pure magnesium and magnesium- 
zinc alloy seems to have no effect on grain 
size, and the presence of aluminum in the 


alloys seems to create a favorable condition — 


for the superheating effect. 

The crystallization of magnesium-alu- 
minum alloys containing manganese or 
iron begins with the formation of a man- 


ganese or iron phase. This is followed by — 


the solidification of the parent solution of 
aluminum (and probably some manganese 
or iron) in magnesium. It may be assumed 
that superheating causes molten alloy 
to dissolve a greater amount of manga- 
nese or iron and to become supersaturated 
upon subsequent cooling. These super- 
saturated alloys have large nucleation 
rates, and form fine-grained structures. 
If the alloys are heated at low temperatures 
or are allowed to stand at low temperatures 


after superheating, little or no super- 


saturation occurs before freezing and the 
molten alloys tend to form a small number 
of crystallization centers. One may call 
attention here to the Von Weimarn equa- 


tion for the initial rate of precipitation — 
from solutions.” According to this equation — 


N. 


QO-L 

ebidinls 
where W is the initial rate of precipitation, 
Q the total concentration of the substance 
that is to precipitate, L its solubility, and 
K a constant. Among the several factors 
that are lumped together in the constant K 
are: the effect of the viscosity of the pre- 


cipitation medium, adsorption, the pres- 


ence of solid particles, the presence of 
turbulence, the specific tendency to form 
nuclei and the specific tendency to grow 
on nuclei. Superheating seems to increase 
the absolute supersaturation Q-LZ and the 


constant K so that the initial rate of 
precipitation of manganese or iron is in- 


creased and thus a fine-grained structure 


is produced. 


In the course of crystallization, some 
of the manganese particles precipitated 
probably do not nucleate the parent 


_ grains, and tend to grow and to segregate; 
some of the parent grains also form in- 
_ dependently. As a result, the microscopic 
_ observations do not show definite correla- 


tion between grain size and the number 
of manganese particles. The nucleating 
action of manganese in pure magnesium 


and magnesium-zinc alloy seems also to be 
- of no importance. 


The dependence, within certain limits, 


- of the final grain size upon the structure 
of the charge can be attributed to the 
presence of persisting nuclei in the melt. 


These nuclei probably are fortuitous 


products due to manganese, iron or other 


local impurities in the parent grain. 
Increasing temperature of superheating 
causes these products to dissolve in or to 


separate from the melt, and thus eliminates 


x 


- the effect of the structure of the charge on 


_ grain size. 


The hypothesis of the influence of solid 


* soluble minor constituents upon the course 
of crystallization forms a satisfactory 
explanation for the phenomena observed 


‘ 
i 


| 
z 


in superheating of magnesium alloys. 


There is, however, one objection that 
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might be considered—although the solu- 
bility of solids in a melt in general increases 
continually with temperature, superheat- 
ing the alloys to very high temperatures 
(980°C. or more) tends to produce a grain 
coarsening. The attempts made in the 
present work to determine the nature of 
the minor constituents responsible for 
the superheating effect are limited, and 
further investigations are to be made in 
this connection. 


SUMMARY 


The effects of various superheating con- 
ditions upon the grain size of magnesium 
casting alloys have been investigated and 
the following observations have been 
made: 

1. The grain refinement of magnesium 
alloys by superheating is maximum at a 
certain temperature range between 850° 
and goo°C., and at higher temperatures of 
superheating there is a tendency for grain 
coarsening. 

2. Superheating molten alloys for several 
hours at low temperatures produces some 
grain refinement, but as the superheating 
temperature is ‘raised to about 850°C., the 
time required to get the full effect drops 
off to zero. 

3. (a) The superheating effect on grain 
size is gradually and completely neutral- 
ized by holding the molten alloys for 
increasing periods of time at low tem- 
peratures before casting. 

(6) When the molten alloys are held at 
a given temperature for a sufficient length 
of time, the resultant grains exhibit, within 
certain limits, the same size whether the 
melts are brought to the desired tem- 
perature from lower or from _ higher 
temperatures. 

4. Stirring the molten alloys at about 
800°C. causes a considerable grain re- 
finement, but when stirring is carried out 
at 700°C. the resultant solid generally 
has coarser grains. 

s. All other factors being practically 
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constant, the grain size of an alloy varies, 
within certain limits, with the structure of 
the charge before melting; this variation 
in grain size is noticeable when the melts 
are superheated at low temperatures for 
short period of time, but decreases and 
completely disappears as the superheating 
temperatures is increased. 

6. Repeated superheating of the melts 
at elevated temperatures (850° to 900°C.) 
does not produce any appreciable change 
in grain size of resultant castings. 

7. The superheating effect on grain 
size can be suppressed neither by carrying 
out the melting operations in vacuum, nor 
by treatment. with a powerful deoxidizing 
agent such as lithium or potassium 

8. Bubbling nitrogen, chlorine and hel- 
ium through superheated alloys has no 
appreciable effect on grain size, whereas 
bubbling hydrogen produces a relatively 
fine-grained structure with numerous blow- 
holes. 

The superheating effect on grain size 
has been observed in magnesium-alu- 
minum or magnesium-aluminum-zinc al- 
loys containing manganese or iron, but not 
in pure magnesium, magnesium-zinc, mag- 
nesium-manganese and extremely pure 
magnesium-aluminum alloys. The effect 
is found to be associated with a decrease 
' in the undercooling capacity of the alloys. 

Attempts are made to explain the experi- 
mental results. The hypothesis that the 
superheating effect on grain size is related 
to the influence of solid soluble minor 
constituents upon the course of crystalliza- 
tion is found in general satisfactory. 
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DISCUSSION 


DISCUSSION 
(C. E. Nelson presiding) 


R. S. Busx.*—The present paper is an 
excellent contribution to the problem of the 
superheating of magnesium alloys. The author 
is to be congratulated on a careful and thorough 
piece of work. The following comments are 
made as substantiation of much of Mr. Tiner’s 
work, together with some comment on the 
conclusions. 

We have found also that holding A.S.T.M. 
17 alloy at 980°C. will cause a coarsening of 
the grain size. We have found that this effect 
is first noticeable at about 925°C. In agree- 
ment with the author, we have found also that 
the grain-size characteristic of a given super- 


_ heating temperature is independent of the 


_ direction of approach to that temperature. 


Considerable work in this laboratory on the 
effects of gases on magnesium alloys confirms 
the fact that the presence or absence of 
hydrogen in amounts below the “bubble” stage 


__ is of no importance to grain size. 


Considerable weight is given to the lack of 
complete grain refinement in the absence of 
manganese. It has been shown!® that the 
presence of manganese is important for mini- 
mizing grain growth during heat-treatment. 
The author’s rather extensive heat-treatments 
before measurement of grain size suggest that 
the role of manganese may be more that of 
prevention of grain growth in the solid than of 
nucleation of grains in the liquid. Does ex- 
amination of the grain size of the manganese- 
free specimens in the as-cast state confirm the 
measurements made after heat-treatment? 


J. R. Scrivener. {—Do you think that the 


presence of graphite, principally in the crucible 


material would affect the grain-size results? 
Is the large grain size obtained in com- 

mercial practice, where large melts of up to 2 

tons are used, due to the slower cooling rates 


obtained during cooling to the pouring tem- 


perature after superheating or refining? 
I believe that it has been found that iron 


contents of more than 0.005 per cent decrease 


* Dow Chemical Co., Midland, Michigan. 
18 A. T. Peters, R. S. Busk and H. E. Elliott: 


Factors Affecting Abnormal Grain Growth in 


Magnesium Alloy Castings. Trans. A.I.M.E. 


(1944) 161, 291. 
7 Bureau of Mines, Ottawa, Canada. 
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the corrosion resistance. Do you know whether 
there is any connection between the iron con- 
tent for maximum corrosion resistance and the 
minimum iron content to obtain grain refining? 


J. Attco.*—The author of the paper points 
out that the effects of superheating are not 
carried forward through subsequent remelting 
operations. Going beyond the scope of this 
paper, I wondered if in your own work, Mr. 
Nelson, you have ever found that subsequent 
remelting and further superheating have had 
any effect on the mechanical properties of the 
metal? 


C. E. Netson.{—Your question is not very 
clear to me. What do you mean? 


J. Atico.—Was there any breakdown of the 
structure due to subsequent superheating? 
In other words, more than one superheating? 


C.E. Netson.—Is there any other discussion? 


C. H. Lorig.{—I think the paper is excellent 
and covers the subject of superheating and its 
effect on grain size of aluminum-containing 
alloys of the cast type very well indeed. 

I do want to bring up one point, however; it 
is recognized now that treating aluminum- 
containing magnesium alloys with carbon is 
very effective in controlling grain size without 
the need for superheating. It brings up the 
question whether the melting of the alloys in 
graphite crucibles and the use of carbothermic 
magnesium, which contains carbon, did not 
influence also the grain refinement attributed in 
the paper to superheating alone. 

The grain-refining effect of the carbon treat- 
ment tends to carry over when using in melts 
scrap or magnesium-alloy pig that have pre- 
viously been treated with carbon. Castings 
of aluminum-magnesium alloys made from 
charges containing carbon-treated metal 
invariably show grain refinement without 
further treatment with carbon or superheating. 
An interesting side light on grain-size control of 
magnesium with carbon is that the treatment 
is effective only in the alloys containing 


*Singmaster and Breyer, New York, New 
York. 
+ Dow Chemical Co., Midland, Michigan. 
t Battelle Memorial Institute, Columbus, 
Ohio. 
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aluminum; neither the manganese-magnesium 
nor the zinc-magnesium alloys can be refined 
with carbon. 


MeEmBER.—Will carbon or the introduction 
of a gas or superheating have the same effect 
on the wrought alloys that are cast in the 
continuous machine? Would the effect be as 
great as it is in sand-casting alloys? 


C. E. Netson.—I think I might start back- 
ward here by trying to answer that last 
question while it is still fresh. We find that 
while the same principles hold on the wrought 
alloys as on the cast as far as grain refining is 
concerned and superheating, it is a good bit 
more difficult to apply ordinary grain-refining 
techniques to the casting of large ingots by 
direct chill or continuous casting, which is, 
I believe, what you are referring to. 

However, I think it is safe to say that the same 
methods are somewhat effective and you will 
just have to be a little bit more careful; that is, 
it is more difficult to obtain the grain refine- 
ment. Part of the reason for it is that in nearly 
every case very large pots are used, and one 
of the comments I wanted to make, which I 
think has a bearing on this question, is that 
almost all of this work was on very small 
crucibles; around, I believe, 120 to 200 grams. 
In all of our work on grain refining we have 
found that treatments that would work in 
small crucibles may be much more difficult on 
a larger scale, and often things that would 
work on a small scale will not work at all, say, 
on 1-ton or 2-ton pots. 

The direct answer, I think, to your question 
of grain refining of billets is that by carbon 
addition or agitation or treatment with carbon- 
containing materials it is possible to refine the 
grain of billet alloys. * 

I think I have probably answered the ques- 
tion about the large-size melts, the 2-ton melts, 
that was asked a few minutes ago. There is 
just one additional point in that connection. 
I do not believe that the rate of heating in 
bringing the pot to superheating temperatures 
is of great consequence, but the rate of subse- 
quent cooling, if the pots are to be brought up 
to superheating temperatures by conventional 
means, would be too slow. In other words, if 
you were going to refine the grain at g00°C., 
and were going to pour the metal off at 700° or 
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750°C., the rate of cooling to that temperature 
would be so slow that most if not all of the 
grain-refining effect would be lost. 

With respect to the question of the harmful 
effect of repeated superheating, I can only say 
that we have given that considerable study and 
we have never been able to see any harmful 
effect of repeated superheating on corrosion or 
properties or on the ability to get refinement of 
the grain. In other words, we see no harmful 
effect of repeated superheating. 

The corollary to that is that we see no 
advantage to repeated superheating. If the 
metal is to be superheated once, and if you 
want to be really sure of a good quality casting, 
we think that the best time to do it is pretty 
shortly before pouring. Do not depend on the 
previous history. 

With respect to the question of whether 
alloys with the low iron content (< 0.005 per 
cent) required to give maximum salt-water 
corrosion resistance can still be superheated, 
I will say that it is possible to refine the grain 
even in high-purity magnesium alloys, and I 


think probably the answer is that while the — 


iron is absent in this case, the manganese is still 
present and, just borrowing Mr. Tiner’s theory 
for the moment, and assuming that it is right, I 
think the manganese can take control in this 


-case. It is certainly possible to make high- 


purity wrought alloys or cast alloys with iron 
say a thousandth of a per cent or less and still 
get fine grains. 

Dr. Lorig’s remarks on the use of carbon 
crucibles would logically be something of a 
criticism of this work, I think. However, I do 
not believe we ought to take it too seriously 
or consider it too much of a limitation here, 
because a great deal of work has been done bya 
number of people using graphite crucibles and 
steel crucibles, and the main difference ob- 
served was that while there may be some slight 
beneficial effect of the carbon picked up from 
the crucible, it shows only a tendency to lower 
slightly the temperature at which superheating 
effects are obtained. At least, that is our 


experience and I believe the experience of | 


others in the field. The general behavior in 
using graphite’ crucibles would, as far as our 
information is concerned, be the same that 
would be obtained with a steel crucible. 

One other comment I would like to make 
with respect to Dr. Lorig’s remarks. 
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While we feel that carbon additions are one 
very good way in which to get grain refine- 
ment in magnesium alloys, I would like to 
introduce a note of caution again in connection 
with assuming that the grain size of alloys can 
be refined by addition of carbon and remelting 
of that material and positively obtaining fine 
grain without some additional superheating 
treatment. 

In other words, it comes back to the practi- 
cal case, if you are operating a foundry and 
must get fine-grained castings, you are not al- 
lowed to get fine-grained castings 95 per cent of 
the time or go per cent of the time. You must 
have them too per cent of the time. We be- 
lieve, therefore, that it is desirable to get 
through some grain-refining treatment in each 


_ melting cycle when you are making production 


if you want consistent fine grain, and that 
refining treatment may be by any of these 
processes, such as the adding of carbon, the 
actual thermal process of superheating or any 
number of things that have been worked out by 
various investigators, and reported in other 
places. 


N. Tuner (author’s reply).—The suggestion 
made by Dr. Busk that the role of manganese 
may be more that of prevention of grain 
growth in the solid than of nucleation of grains 
in the liquid, is very interesting. 

I made experiments with A.S.T.M. 17 and 
A.S.T.M. 4 alloys and found that the grain sizes 
of the specimens in the as-cast state confirm 
the measurements made after heat-treatment. 
The alloys heated 12 to 16 hr. at 400°C. showed 
no appreciable change in grain size, whereas 
those heated 48 to 72 hr. at 415°C. exhibited an 
abnormal local grain growth or ‘‘germination.” 


- No experiments are made with the manganese- 


free specimens, but the examination by eye of 
the superheated binary magnesium-aluminum 
alloy specimens in the as-cast state showed that 
they have relatively large grains on the order of 
15 to 30 grains per square millimeter. 

It has been shown by A. T. Peters, R. S. 
Busk and H. E. Elliot!® that: 

1. Germination never occurs in castings that 
have an as-cast grain size greater than 0.005 
in., or 62 grains per square millimeter. 

2. A modified C alloy composition contain- 
ing no manganese germinates more seriously 
than normal C alloy. 
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3. Germination does not occur until 4 to 5 hr. 
after all massive compound has been dissolved. 

4. Germination occurs during heat-treat- 
ment by a general recrystallization of the as-cast 
structure, followed by the early coalescence of 
grains at a few spots throughout the casting 
and by growth of the germinant grains so 
formed. 

In the samples prepared for superheating 
experiments, I did not observe any grain-size 
contrast that might be set up by germination. 
The extremely pure 8.9 per cent aluminum 
alloy sample mentioned in the paper was 
solution heat-treated at 380° to 390°C. for 14 
hr. In this treatment and in other treatments, 
I believe the samples had just enough time for 
dissolving completely the massive compound. 
In pure magnesium-aluminum alloys super- 
heating was found to be associated not only 
with manganese but also with iron. And I do 
not believe that Peters, Busk and Elliott 
mention any minimizing effect of minor iron 
additions on the germination tendency of the 
alloys. ; 

Therefore I am of the opinion that the pres- 
ence of manganese may have a minimizing 
effect on the germination tendency of cast 
alloys in the solution heat-treatment, but it also 
has a nucleation effect on superheated melts. 

I should like to comment with respect to the 
question brought up by Dr. Lorig; namely, 
whether the melting of the alloys in graphite 
crucibles and the use of carbothermic magne- 
sium did not influence also the grain refinement 
attributed to superheating alone. 

In a recent paper, C. H. Mahoney, A. L. 
Tarr and P. E. LeGrand!® showed that the 
carbon inoculation of magnesium alloys con- 
taining aluminum exhibits a grain refining 
effect even though the melts have not been 
heated higher than 800°C., and suggested that 
some compound of magnesium with Al,Cs, or of 
aluminum, magnesium and carbon, may be 
responsible for fine-grain formation during 
superheating. 

The alloys investigated by these authors 
always contained small amounts of manganese, 
and no information was given to show whether 


19 C, H. Mahoney, A. L. Tarr and P. E. 
LeGrand: Factors Influencing Grain Size in 
Magnesium Alloys and a Carbon Inoculation 
Method for Grain Refinement. Trans. A,I.M,E,. 


(1945) 161, 328. 
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magnesium-aluminum alloys could be benefi- 
cially inoculated with carbon in the absence 
of manganese or whether superheating effect 
could be observed in the complete removal of 
carbon. They also note the absence of any 
close relationship between iron content and 
grain size. These observations were again 
limited to magnesium-aluminum alloys con- 
taining small amounts of manganese and not to 
pure binary alloys. 

It is apparent that aluminum, manganese or 
iron, as well as carbon, seems to be important 
in connection with the superheating effect and 
that further investigations are to be made to 
determine the true nature of minor constituents 
responsible for the effect. 

In the preparation of the samples for super- 
heating experiments, the choice of carbon 
crucible was mainly to control the effect of 
iron. Later other investigators noticed the 
importance of carbon in this connection, and 
our choice did not turn out superior. However, 
as Mr, Nelson pointed out, the beneficial effect 
of the cafbon that may be picked up from the 
crucible is slight, particularly after using the 
crucible a few times, and shows only a slight 
tendency to lower the temperature at which 
superheating effects are observed. 

With respect to Mr. Scrivener’s question 
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concerning the iron content for maximum 
corrosion resistance and the minimum iron 
content for grain refining, few words can be 
added to Mr. Nelson’s remarks. 

I have pointed out that no effect of iron is 
noticeable on superheating cast alloys, and that 
the iron content of binary magnesium-alumi- 
num alloys exhibiting superheating effect is 
usually above the liquid solubility limit near 
the freezing point. However, this is a semi- 
quantitative statement and no sharp tolerance 
limit for iron is established. 

In studying the corrosion of magnesium 
alloys, J. D. Hanawalt, C. E. Nelson and J. A. 
Peloubet?® note that the tolerance limit for 
iron is about 0.0005 per cent with 7.0 per cent 
aluminum and too low to be determined with 
10.0 per cent aluminum. These limits do not 
correspond to the liquid solubility of iron near 
the freezing point in 9 per cent aluminum alloy 
at 0.005 per cent iron. 

For magnesium-aluminum alloys containing 
small amounts of manganese, these authors 
find no relationship between the corrosion toler- 
ance limit at 0.002 per cent iron and the liquid 
or the solid solubility limit. 


20 Corrosion Studies of Magnesium and Its 
Alloys. Trans. A.I.M.E. (1942) 147, 273. 
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Rates of High-temperature Oxidation of Magnesium and 
Magnesium Alloys 


By T. E. Leontis* anp F. N. Rarnes,} Memser A.I.M.E. 
(Chicago Meeting, February 1946) 


THE oxide scale that forms upon mag- 
nesium at elevated temperatures is non- 
protective in the sense that the rate of 
oxidation is constant and thus does not 


- decrease with the growth of the scale as 


it does with other common metals. This 
generality was first stated by Pilling and 
Bedworth! and has been verified by Suzuki? 
and by Scheil.* Pilling and Bedworth 
argued that the nonprotective character- 
istic could be predicted from the fact that 
magnesium oxide occupies less space than 
does the metal from which it springs, 
wherefore the scale is not expected to 
cover the metal so completely as to exclude 
all direct access to the atmosphere. Linear 
oxidation is thought by Scheil to be 
common to all cases where the reaction 
occurs at the oxide-metal interface. 
According to Suzuki,? the product of 
high-temperature oxidation in the air is 
MgO contaminated with no more than 
traces of a nitride. When the metal is 


allowed to burn freely a fume composed 


of cubic crystals of MgO‘ is given off. 


This paper represents part of a thesis sub- 
mitted by T. E. Leontis to the Graduate 
Committee of the Carnegie Institute of Tech- 
nology in partial fulfillment of the requirements 
for the degree of Doctor of Science. Manuscript 
received at the office of the Institute Dec. 1, 
1945. Issued as T.P. 2003 in Merats TECH- 


NOLOGY, June 1946. 

* Metallurgical Department, The Dow 
Chemical Co., Midland, Mich. Formerly The 
Dow Chemical Co. Graduate Fellow at the 
Carnegie Institute of Technology, Pittsburgh, 
Pennsylvania. 

+ Associate Professor of Metallurgy, Car- 
negie Institute of Technology, Pittsburgh, 
Pennsylvania. 

1 References are at the end of the paper. 


Delavault® observed that excrescences 
form upon liquid magnesium and alloys 
in the course of oxidation. Beyond this 
it is known that the use of atmospheres 
containing small quantities of sulphur 
dioxide® or carbon dioxide serve to retard 
the oxidation of solid magnesium and 
that beryllium’ and calcium® minimize the 
oxidation of molten magnesium exposed 
to the air. ~ 

Many studies have been devoted to the 
nature and rates of ‘“‘protective”’ oxidation, 
as exemplified by the cases of copper and 
iron, wherein the rate is characteristically 
parabolic. The theory of parabolic oxida- 
tion is well developed.’ Linear oxidation, 
on the other hand, has received but little 
attention and the theories proposed by 
Pilling and Bedworth and by Scheil have 
yet to withstand careful examination. 
There exists no comprehensive survey of 
the high-temperature oxidation of mag- 
nesium (or of any other metal that exhibits 
linear oxidation) over a broad range of 
temperature, under a variety of atmos- 
pheric conditions and covering a large 
group of alloys. It has been the purpose 
of the present investigation to provide 
such a survey, with the object of gaining 
a fuller understanding of linear oxidation, 
especially as applied to magnesium. 


EXPERIMENTAL PROCEDURE AND RESULTS 


The experimental studies undertaken 
were of two kinds: (1) measurement of 
the rate of oxidation as influenced by the 
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several variables mentioned above and 
(2) supplementary experiments designed 
primarily to discover what structural 


changes accompany the oxidation process. © 


Measurement of Rates of Oxidation 


Throughout the present investigation 
the extent of oxidation was followed by a 
continuous measurement of the weight 
increase of the sample under observation, 
using the equipment represented dia- 
grammatically in Fig. 1. Thus the likeli- 
hood of error resulting from spalling with 
temperature change was minimized. The 
apparatus involves no essentially new 
features. Calibrated silica springs* (S) 
have been used for weighing in certain 
kinds of analytical work;!° they are sensi- 
tive to +0.0c005 grams under a total load 
of o.5 grams and possess the special advan- 
tages of relative insensitivity to tempera- 
ture change and linear response to loading. 
Positive temperature control to +0.5°C. 
and uniformity over a length of 5 in. was 
achieved by the use of a heat distributor 
composed of an aluminum tube &, in 
addition to the usual thermoelectric control 
system Cy. The furnace chamber 4, 
made of Pyrex (or silica) glass, was made 
gastight and was provided with an inlet 


* Supplied to us through the courtesy of the 
Bell Telephone Laboratories. 


Fic. 1.—DIAGRAM OF APPARATUS. 

A. Pyrex or silica H. Furnace winding. 
furnace tube. I. Gas inlet port. 

B. Supporting block XK. Furnace outside 
of refractory ma- shell. 
terial. L. Lagging. 

Cy. Temperature- O. Gas outlet port. 
measuring ther- PP. Platinum suspen- 
mocouple. sion wire. 

Cy. Controlling ther- R. Rubber stoppers 
mocouple. forming gastight — 

D. Asbestos tube for seal. 
holding lagging in S. Calibrated silica 
place. spring. 

E. Heat distributor, 7. Pyrex tube. 
consisting of an UV. Specimen. 
aluminum tube. W. Pyrex dome with 

F. Steel frame for sealed-in wind- 
applying sealing lass. 
pressure. X. Winding string. 
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_ port J arranged in such manner that a 


stream of any gas could be introduced, 
preheated to the furnace temperature. 
Gases were withdrawn (O) at atmospheric 
pressure through a drier and oil seal, or 
at lower pressures by means of a vacuum 
pump. The specimen suspension consisted 
of a fine platinum wire insulated from 


- actual contact with the magnesium by 


means of a small alumina sleeve, which 
was passed through a hole in the sample V. 
In all tests the furnace conditions were 
adjusted before the sample was lowered 
into the hot zone, whereupon the recording 
of time and spring extension was begun 
at once. 


TABLE 1.—Chemical Composition of Alloys 


Studied 
Weight 
Alloy Bet Cent Weight Per Cent by Spectro- 
No. Chemical graphic Analysis 
Analysis 
I 1.78 Al 
2 3.81 Al | (0.003 Pb) 
3 7.23 Al | (0.003 Pb) 
4 9.12 Al 
5 | 18.66 Al 
6 1.54 Zn 
7, 3.28 Zn 
9 3-94 Pb | (0.14 Mn) 
10 3.78 Sn | (0.010 Mn) 
It 3.86 In 
12 3.94 Tl | (0.015 Mn) 
13 2.38 Ga | (0.015 Mn) 
I4 4.18 Cd | (0.002 Pb) 
15 3.83 Ag | (0.015 Mn, 0.002 Pb) 


17 0.21 Si, (0.007 Fe, G.08 Mn) 


18 0.006 Fe, (0.10 Mn, 0.004 Pb) 

19 0.49 Ni, (0.03 Mn, 0.004 Pb) 

20 0.24 Ce, (0.32 La, 0.032 Fe, 
0.04 Mn, 0.016 Pb) 

21 0.03 Ca, (0.044 Mn, 0.003 Pb) 


22 .14 Mn | (0.023 Pb) 
ah .23 Cu, (0.001 Fe, 0.032 Mn) 


@ Unintended elements in parentheses. 


Recast sublimed magnesium analyzing 


99.95 per cent Mg with no more than 
_o.o1 Al, o.o1 Cd, 0.01 Cu, 0.001 Fe, 0.01 
~ Mn, 0.001 Ni, 0.001 Pb, 0.01 Si or 0.01 Zn 


was used throughout the work. Alloys 
were prepared by melting 200 grams of 
this material in a graphite crucible under a 
chloride flux (Dow No. 310), adding the 
purest available grades of the alloying 
elements, and casting in a heated (500°C.) 


d ‘ graphite mold. Analyses appear in Table t. 
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Sheet stock was made by hot-rolling the 
scalped ingots in successive reductions of 
Io per cent with intermediate annealing 
at 50.C. 

Pure magnesium and alloy samples, 
approximately 144 by 1 by }%¢ in., were 
made both from cast material and from 
rolled sheet stock. Although no measurable 
difference in the oxidation rate was found 
when the degree of fineness of the surface 
finish was changed, care was taken to 
standardize the surface preparation. The 


standard procedure followed the sequence: 


(zt) rough grind with several grades of 
coarse Aloxite papers, (2) anneal in char- 
coal at 350°C. for 2 hr., (3) smoothing 
on finer Aloxite papers to 9 or 500 grit, 
(4) washing with carbon tetrachloride 
and (5) drying between blotters. Finished 
samples were handled only with tongs and 
cotton, in order to avoid fingerprints and 
scratches. 

Various gases and gas mixtures used 
during the course of this work were handled 
in one of several ways. Many preliminary 
experiments were made with air taken from 
the laboratory compressed-air supply and 
dried by passing through calcium chloride 
and Ascarite. For the greater part of the 
work, tank oxygen, tank nitrogen, and 
mixtures of these gases were purified” by 
passing through calcium chloride, Ascarite, 
and magnesium perchlorate in that order. 
Sulphur dioxide and carbon dioxide were 
also taken from commercially supplied 
tanks and dried by passing through 
calcium chloride and magnesium per- 
chlorate. Gas mixtures of specific com- 
position were prepared by manipulation 
of the tank valves until the desired analysis 
was attained. The gas components were 
first introduced into a large carboy, 
and to ensure thorough mixing they 
were transferred by means of an oil pump 
to a second carboy, from which the 
mixture was delivered to the furnace 
under a slight pressure developed in the 
carboy. Samples were drawn periodically 
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from the second carboy for analysis by 
means of an Orsat apparatus. In general a 
stream of about 4o c.c. per minute was 
employed. 


among the slopes (&) found in duplicate — 


experiments were observed. In order to 


show the range of variation, the curves of — 


maximum and minimum slope found at 


e HIGHEST RATE OF l2 RUNS 
o LOWEST RATE OF l2 RUNS 


WEIGHT INCREASE IN MG/CM? 


60 70 


TIME ( HOURS 
Fic. 2.—OxIDATION OF ROLLED PURE MAGNESIUM IN PURE OXYGEN AT FOUR TEMPERATURES. 


Results of Rate Measurement on Pure 
Magnesium 


The findings about to be described are 
based upon the observation of the oxida- 
tion of more than 150 samples of pure 
magnesium and more than 250 alloy 
samples. Typical curves of the increase of 
weight with time, for pure wrought mag- 
nesium in oxygen at atmospheric pressure, 
are presented in Fig. 2. Attention is 
directed to the precise linear form through- 
out the lengths of these plots. The curves 
conform to the expression: 


W 

Beets 
where & is the rate constant in mg. per sq. 
cm. per hr., W is the cumulative weight in 
mg. per sq. cm. and ¢ is the time in hours. 
Twelve check samples were oxidized at 
each temperature and some variation 


each temperature are included in Fig. 2. 
In general, most of the curves at a given 
temperature lie close to the curve repre- 
senting the average rate. It is noteworthy 
that after long oxidation at 575°C. the 
rate sometimes increased (Fig. 3) but on 
its new slope the plot continued to be 
linear. 

When the logarithm 6f the average slope 
k at each temperature is plotted as a 
function of the reciprocal of the absolute 
temperature of oxidation a linear rela- 
tionship is again found (Fig. 4). Here: 


k = Ae-E/RT 


where A is the action constant, E the 
energy of activation in small calories for 
this process, R the gas constant and T the 
absolute temperature. The energy of acti- 
vation £ read from the slope of the latter 


ee 


7... ae 
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curve is 50,500 cal. and A has a value of 

6.2 X 101? mg. per sq. cm. per hour. 
Oxidized in the air, either cast or rolled 

magnesium follows a somewhat different 


12 


10 


y 
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and Bedworth report a rate of 0.52 mg. 
per sq. cm. per hr. for oxidation in air at 
500°C., corresponding to the presently 
reported rate of 0.13 mg. per sq. cm. per 


WEIGHT INCREASE IN MG/CM* 
a 


120 160 200 


TIME IN MINUTES 


Fic. 3.—OXIDATION OF ROLLED PURE MAGNESIUM AT 575°C. IN PURE OXYGEN, SHOWING ABRUPT 
INCREASE IN RATE OF OXIDATION. 


course (Fig. 5). The curve is linear with 
two limbs and there is an induction period 
during which very little, if any, weight 
increase is detected. When the initial and 
final rates (first and second limb) read 
from a number of curves are averaged to 
obtain a plot of the logarithm of the rate 
versus the reciprocal of the absolute 
temperature, a linear relationship appears 


as before (Fig. 4) and the energy of activa- 


tion E remains 50,500 cal. in both cases; 
_A for the initial rate is 2.7 X 10’? mg. per 
sq. cm. per hr. and for the final rate 
zt 3.6 X 10! mg. per sq. cm. per hr. Pilling 


hr. at the same temperature, while Suzuki 
obtained a rate of 0.97 mg. per sq. cm. per 
hr. at 560°C., corresponding to the present 
1.38 mg. per sq. cm. per hr. These con- 
stitute fair agreement, considering the 
wide differences among individual deter- 
minations found by all investigators. 

The wrought magnesium used in these 
studies possesses a preferred orientation 
with the basal plane of the hexagonal 
crystal in the rolling plane of the sheet. A 
group of samples was prepared with the 
broad faces of some in the rolling plane 
and the broad faces of others perpendicular 
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to the rolling plane and parallel to the taken with their broad faces parallel to 
direction of rolling. The latter exhibited a the rolling plane, corresponding to the 
slightly faster rate of oxidation (Table 2). slower rate. 

In all other experiments the samples were Lest an error had been introduced into 


10 


OXIDATION OF 
PURE MAGNESIUM 


40 


AS CAST Mg Q 
OXIDIZED IN DRY AIR Va 


RATE OF OXIDATION IN MG/CMI/ HR 
S 


ROLLED mg 
OXIDIZED IN PURE 0, 
oo! 


ROLLED Mg OXIDIZED IN PURE 0, 

AS CAST Mg OXIDIZED IN ORY AIR, INITIAL RATE 
AS CAST Mg OXIDIZED IN ORY AIR, FINAL RATE 
ROLLED MQ OXIDIZED IN ORY AIR 


pe Mel Mn 


550° 


140 136 132 128 1.24 420 LIé 112 
RECIPROCAL OF ABSOLUTE TEMPERATURE Ky,Xx 104 


Fic. 4.—E¥FFECT OF TEMPERATURE ON OXIDATION RATE OF PURE MAGNESIUM. ' 


TABLE 2.—Effect of Crystal Orientation on the measurements through the loss of 


Rate of Oxidation of Pure Magnesium magnesium oxide as smoke, some samples 
at 550°C. were oxidized completely and the weight 
increase was compared with that calcu- 
Range of Av i 
Orientation of Surface] _ Oxidation Gsldation lated upon the assumption that all of the 
with Respect to | Rate, Mg. per| Rate, Mg. per | metal was converted to magnesium oxide 
Basal Plane Sq. Cm. per | Sq. Cm. per ; . : 

Hr. Hr. (MgO). The measured weight increase 
———— __ was very slightly greater than the calcu- 

Parallel situa cst: 0.132-0.152 0.141 i it i 
Perpendicular........ 0.153-0.190 per, lated figure, from which it is concluded 


that no magnesium oxide has been lost 
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in this way. To avoid the loss of the oxide 
when its supporting backing of metal had 
been consumed, it was necessary to conduct 


25 


| 
AS CAST PURE MAGNESIUM 
OXIDIZED IN ORY AIR 


20 


245 


rates from these data it was found that 
good agreement with cases in which no 
spalling had occurred could be obtained 


~ 
g 


WEIGHT INGREASE IN MG/CM* 
S) 


TIME IN HOURS 


Fic. 5.—OxIDATION OF CAST PURE MAGNESIUM IN DRY AIR AT TWO TEMPERATURES. 
Time interval between origin and beginning of curve is an induction period. 


this test by oxidizing the specimen in a 
platinum boat in an atmosphere of oxygen. 
The absence of any deposit upon the 
- furnace walls as a result of oxidizing pure 
magnesium, except when the sample had 
ignited, is taken as further evidence that 
no oxide was lost in the form of smoke. 

In a few of the experiments spalling 
occurred, usually as the result of mechan- 
ical shock. This resulted in a sudden de- 
crease in weight, after which the regular 
increase in weight was resumed at the 
former rate. The resulting oxidation curve 
was made up of two or more sections 
having the same slope but vertically dis- 
placed from each other. In calculating the 


simply by correcting for the observed 
weight loss. 


Results of Rate Measurements on Alloys 


The addition of aluminum to magnesium 
increases the rate of oxidation progres- 
sively, up to the limit of the solid solu- 
bility of aluminum in magnesium (Fig. 6). 
Simple linear oxidation is again found 
(Fig. 7) except in the alloys with larger 
aluminum contents, where the period of 
linear oxidation is preceded by an incuba- 
tion period during which the rate gradually 
increases to that of linear oxidation. The 
temperature variation of the rate for a 
series of magnesium-aluminum alloys is - 
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given in Fig. 8. Here it will be seen that 
the slope E changes with composition 
(Table 3), falling to a minimum in the 
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Much the same behavior is found with 
small zinc additions (Figs. 9 and 10) 
except that the energy of activation E 


ATOMIC PERCENT ALUMINUM 


6.57 


8.30 


1718 


RATE OF OXIDATION IN MG/CM2/HR. 


0.001 |, 


Qo 2 4 6 r) 


10 12 l@ 16 ae 


20 


WEIGHT PERCENT ALUMINUM 
Fic. 6.—CHANGE OF OXIDATION RATE WITH ALUMINUM CONTENT AT SIX TEMPERATURES. 


alloy with 3.81 per cent Al and then rising 
above the value for pure magnesium. 


TABLE 3.—Energies of Activation and 
Action Constants for Rate of Oxidation 
of Magnesium-aluminum Alloys 


4 Action 
Aluminum Energy of 
Content, Wt. Activation E, Me natant Ais 
Per Cent Cal. per Mol per Hr. 
1.78 42,700 9.0 X rol0 
Srox 38,600 I.I X rol? 
7.23 $4,700 2.7 X rol 
9.12 74,500 4.0 X 10272 


remains 50,000 cal. Larger zinc additions 
(3.28 per cent Zn) lead to irregular be- 
havior, which, it is believed, result from a 
loss of zinc by vaporization, for a residue 
was found on the furnace wall. 

Similar measurements on 14 other 
binary alloys exposed to oxygen at. atmos- 
pheric pressure are recorded in Figs. 11, 
12, and 13. It is noteworthy: (1) that nickel 
and copper are, of all the alloying agents 
examined, the most effective in accelerating 
oxidation; (2) that the elements Fe, Ag, 
In, Pb, Mn, Ca, Si and Cd have but a 


od 


| 
| 
| 
| 
{ 


| 
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minor influence upon the rate; (3) that 
Sn and Ga are most effective in lowering 
the energy of activation, which means that 
they increase the rate more at low tem- 
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materially reduced the rate was Ce + La. 
Most of the measurements in this group 
rest upon small numbers of tests and the 
departure from regular variation with 


SPECIMEN IGNITED 
AT THIS POINT 


— 


1.78% ALUMINUM 
OXIDIZED AT 548°C. 


WEIGHT INCREASE IN MG/cM* 


1.78 % ALUMINUM 
OXIDIZED AT 476°C. 


30 
TIME /N HOURS 
Fic. 7.—TYPICAL OXIDATION CURVES FOR MAGNESIUM-ALUMINUM ALLOYS. 


peratures than at high temperatures; and 
(4) that the only combination studied that 


TABLE 4.—Energies of Activation and 
Action Constants for Rates of Oxidation 
of Various Magnesium Alloys 


sas Energy of Action Constant 
a er San Activation E, A, Mg. per 

5 Cal. per Mol | Sq. Cm. per Hr. 
1.54 Zn 50,000 1.1 X 10l8 
3.28 Zn 31,500 I.0 X 108 
3.83 Ag 52,600 3.9 X 1018 
3.78 Sn 31,600 I.2 X 108 
3.86 In 46,600 8.1 X roll 
2.38 Ga 30,700 7.6 X 107 
4.18 Cd 50,500 6.2 X rol? 
3.94 Tl 50,500 6.2 X rol 
3.94 Pb 51,600 2.7 X 1018 
0.49 Ni 42,000 3.5 X toll 
0.23 Cu 44,800 2.4 X 1012 
0.006 Fe 50,500 4.5 X 1012 


temperature may, therefore, be without 
real significance. Values of the energies 
of activation (Table 4) are, accordingly, 
less to be trusted than those for the pure 
magnesium and the magnesium-aluminum 
alloys. 


Results of Rate Measurements in Various 
Gases and in Oxygen at Reduced 
Pressures 


In order to obtain a brief survey of the 
effects of various gases and gas mixtures 
at atmospheric pressure upon pure mag- 
nesium, a series of experiments was made 
at 550°C. (Table 5). The presence of water 
vapor greatly accelerates oxidation, while 
additions of sulphur dioxide and carbon 
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. . . * 
dioxide virtually suppress oxidation. Dilu- temperatures and E. A. Gulbransen 
tion of oxygen with various amounts of kindly consented to measure some rates 
nitrogen gave irregular results. on his more sensitive vacuum microbalance, 


10 


OXIDATION OF MAGNESIUM - ALUMINUM Aiuors 
IN PURE OXYGEN 


Ss 
<a 


RATE OF OXIDATION IN MG/CM*/up 


178% Al 


0,01 }- 


Meher) 1.48 1.44 1.40 1.36 132 128 124 120 116 112 


RECIPROCAL OF ABSOLUTE TEMPERATURE ‘Ay x10* 
Fic. 8.—EFFECT OF TEMPERATURE UPON OXIDATION RATES OF MAGNESIUM-ALUMINUM ALLOYS. 


The apparatus employed in this re- using our pure magnesium samples. This 
search proved to be too insensitive for work developed into a separate research, 
rate measurements at low pressures and the results of which have already been 
published, but which we quote in part 
with permission. A summary of the rates 
found by oxidizing rolled magnesium 
samples at reduced pressures of pure 


TABLE 5.—Rate of Oxidation of Pure 
Magnesium at 550°C. in Various Gases 
at Atmospheric Pressure 


RATE OF . 

A papeleet oxygen appears in Table 6. The room- 

ee Gas CM. PER Hr. temperature film was not removed before 
ASRS CG aed S fared en, Pode <Ue ela aluinielere We eee 0.2. . . 
Oz saturated with H20 at 28°C... 0.69 oxidation. These data show that the rate 
Pure SOn eo. NSSHEIIS oof protective oxidation decreases with 
oe ca 5% ote Sctry sMar Mere ee Pb is Beh Ta 
ETA Biles os \cleiore We 6 ¥.0ubclaiena - . Ps 

I % O: ft fe % Ne Re ae SAR Ms "Cx6 : * Westinghouse Electric & Manufacturing 


50:85 Os: -t-_ BO::% :INa55e:0140858 'aisi00y don aloe 0.059 Company, Research Laboratories, 
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decreasing oxygen pressure but that the 
change in rate is in no way proportional 
to the change in oxygen pressure. It was 


40 
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found that the rate decreases with time 
(protective oxidation) up to and including 
450°C. and is linear at 475°C. and above. 


OXIDATION OF MAGNESIUM- ZINC 
IN PURE OXYGEN 


~ 
9 


RATE OF OXIDATION IN MG6/CM4/HR 
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ROLLED 
PURE Mg 
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O——O PURE MAGNESIUM e 
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O—-—© 3.28% ZINC 


525° S302" " 575° 600°C. 


124 120 416 112 


RECIPROCAL OF ABSOLUTE TEMPERATURE Ven x 108 
Fic. 9.—EFFECT OF TEMPERATURE UPON OXIDATION RATES OF MAGNESIUM-ZINC ALLOYS, 


TABLE 6.—Effect of Oxygen Pressure on 
Rate of Oxidation of Pure Magnesium 


(Gulbransen}) ; 
Maximum 
Tempera- Oxygen Oxidation | T . 
ture, Pressure, Rate, at 
Deg. C. Mm. Hg | Mg. per Sa. c 
Cm. per Hr. 
500 200 0.072 Nonprotective 
475 200 0.00684 | Nonprotective 
475 2 0.00288 | Protective 
450 200 0.00198 | Protective 
450 20 0.00150 | Protective 
450. 2 0.00078 | Protective 
425 200 0.00060 | Protective 
f 400 200 0.00060 | Protective 
0.0005 Protective 


; 00 2 


Before and after each experiment, the 
specimen was held for some time at tem- 
perature in a high vacuum, so that the 
rate of vaporization of the magnesium 
could be observed. From this it was learned 
that the protective oxide formed at 450°C. 
or below tends to block the evaporation 


-of magnesium, while the loose high-tem- 


perature oxide permits evaporation to 
occur at a rate faster than that found at 
the beginning of the experiment. 
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Other Observations Concerning Rate of 
Oxidation 

Beside the systematic observations pre- 

sented, some incidental observations de- 

serve mention. Sauereisen Cement No. 31 


ATOMIC 


j 0.58 


RATE OF OXIDATION IN MG/cAM/ HR. 


0 O05 / 15 


shortly by actual combustion, interferes 
with measurements at 600°C. At 575°C. 
this effect was sometimes encountered 
just before the sample was completely 
oxidized; for example, see Fig. 7. 


PERCENT ZINC 
1.25 


EFFECT OF ZINC CONTENT 

ON 

° , RATE OF OXIDATION OF MAGNESIUM 
IN PURE OXYGEN 


2 25 3 Kf) 4 


WEIGHT PERCENT ZINC 
Fic. 10.—CHANGE OF OXIDATION RATE WITH ZINC CONTENT. 


was used at one time in the assembly of 
one of the furnaces. Oxidation in this 
case was largely suppressed and when it 
did occur it was limited to a relatively 
small number of patches on the sample. 
Normal behavior was resumed when the 
cement was removed. The 
effect (a spontaneous rise in the tempera- 
ture of the sample as a result of heat 
evolved by the oxidation process), followed 


Constable . 


StuDY OF STRUCTURE 


The nature of the products of oxidation 
has been studied through the application 
oM macroscopic, optical and_ electron 
microscopic, X-ray and electron diffraction 
and spectrographic methods with the 
following results. 


Macrostructure 


1. The oxide grows directly outward 
from each surface, leaving the corners 
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vacant; indicating that the reaction takes 3. On specimens oxidized only long 
place at the metal-oxide interface (Fig. enough to obtain one-branch on the 
14). Surface markings present upon the oxidation curve, only ‘the outside, dense 
original metal surface are retained upon the layer formed. This oxide usually apatien 
outer oxide surface (Fig. 15). off the metal surface when the specimen 
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2. Where oxidation has proceeded long was removed from the furnace. At low 
enough to form two branches of different oxidation temperatures (soo°C.) the oxide 
~ slope on the oxidation curve, the oxide - was not as dense as that formed at the 
consists of two distinct layers; an outer higher temperature, probably because it 
layer perhaps 0.001 in., thick, which is very had not acquired the thickness of the 
dense and brittle, and an inner layer latter. 
composed of a relatively loose, powdery 4. The metal surface becomes pro- 
mass, which usually appears stratified gressively less smooth and is darkened 
and is not as white as the outer dense as oxidation proceeds. Irregularities in the 
layer (Fig. 16). -- extent of oxidation from grain: to grain 
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were observed and a certain amount of 
pitting also took place. In the early stages 
of oxidation the surface assumes a brownish 
color. On more extensively oxidized speci- 


10 


of the material in bulk form. It is note- 
worthy that this black material persists 
on the metal surface throughout the 
oxidation process, and forms the core of 
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mens parallel striations were observed 
within each grain. These were found to be 
traces of the basal plane. Also, a black 
crustaceous material was found next to the 
metal surface on such specimens. X-ray 
and electron diffraction analysis have 
shown this to be MgO. The-color may be 
caused by a deficiency in either mag- 
nesium or oxygen atoms; this can be ascer- 
tained only by conductivity measurements 


the oxide when the metal has been com- 
pletely oxidized. 

5. The same characteristics prevail in 
the relation between the oxide structure 
and the oxidation curves of alloys. In 
addition, there were obtained oxidation 
curves in which the initial part was 
curvilinear and the rate increased to that 
of the linear branch of the curve. Under 
such conditions, the oxide again consisted 
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of an outer dense layer and an inner loose 
mass. This inner layer is usually much 
looser than the corresponding part: of the 
oxide on pure magnesium. 

6. In addition to the darkening of a 


279 


7. In a general way, the presence of 
alloying elements appears to cause the 
inner layer of the oxide to assume a looser 
texture, with less tendency toward stratifi- 
cation than in pure magnesium. 
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zone next to the metal, the major part 
of the oxide may be colored by the presence 
of alloying constituents. Aluminum and 
silver produce gray tints more or less in 
proportion to their concentration in the 
alloy. Manganese and copper color the 
oxide tan; nickel, pink; cerium, orange; 
and tin accentuates the whiteness of the 
oxide. 


8. Where surface cracks were present 
initially in rolled samples, oxidation 
started early at the crack and tended to 
remain localized (Fig. 17). 


Microstructure 


1. Electron microscope pictures of dis- 
integrated loose scales from magnesium 
and its alloys showed the presence of 
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cubes in all samples examined (Figs. 18 
and 19). In addition, there were sometimes 
unresolved masses, which probably consist 
of undispersed aggregates of particles. 


film intact. Optical examination revealed 
no structure in this film, which was vir- 
tually transparent. An electron microscope 
picture (Fig. 22) is thought to reveal no 


Fic. OF PURE 


14.—OXIDIZED SPECIMEN 
MAGNESIUM, SHOWING SEPARATION OF OXIDE 
SCALE INTO*LAYERS. X 2. 


2. The cube size appeared to decrease 
with rising temperature and with alloying, 
but there was always a wide variation in 
size within any one sample. 

3. Some large lozenge-shaped particles 
were found in the oxide of the magnesium- 
lead alloy (Fig. 190); prismatic particles 
appeared in the oxide of the cerium- 
containing alloy (Figs. 19e and /). 

4. The optical microscope revealed the 
presence of small quantities of second 
phases in the oxides formed upon alloys 
with nickel, gallium and manganese (Figs. 
20 and 21). 

s. No structural changes within the 
metal itself except those usually asso- 
ciated with equivalent heat-treatments 
were found in any specimen. 

6. Some samples of pure magnesium 
were completely sublimed in a_ high 
vacuum, leaving the thin room-temperature 


Fic. 15.—OxIDIZED SPECIMEN OF PURE 
MAGNESIUM, SHOWING OUTWARD GROWTH OF 
SCALE. X 3. 


details of structure; the markings shown 
are probably caused by the surface con- 
tours of the film (scratches in the original 
metal surface) and by the presence of 
nonvolatile residues, which can be seen 
by optical methods to be clinging to the 
film in some places. Holes if present 
would appear as white areas. 


Crystal Structure 


1. Lines of the MgO pattern were found 
in all samples. 

2. In the scale formed upon the high- 
aluminum alloys additional reflections 
appear. These have been identified as 
lines of the spinel (MgO-A1,03) pattern. 

3. An electron-diffraction examination 
of the very thin room-temperature film 
initially present on pure magnesium 
separated by sublimation showed it to be 
MgO. Such films are usually found to be 
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X23. 


Mg(OH). when examined in situ at room 
temperature. This experiment appears 
to show that the room-temperature film 
is converted to MgO at the temperature 
at which the oxidation rates were measured. 

4. The cellular scale is shown by X-ray 
diffraction to be very fine grained, with a 
random orientation. 


Chemical Composition of Scale 


A spectrographic comparison between 
the compositions of the oxide and of the 
parent metal is shown in Table 7. The 
actual percentages of the components were 
not determined because of a lack of suit- 
able standards. The oxide retains the 
alloying element in all cases. If there is an 


error in these analyses it is probably in 


the direction of underestimating the 
amount of alloying element in the oxide, 


7.—Spectrographic Analyses of 
Oxides Formed upon Various 
Magnesium Alloys 


TABLE 


Ratio of Concentra- 


Alloy Element in Alloy scat 
B tion in Alloy and 
No. Wt. Per Cent nxida 
TT 1.78 Al 2 
2 3,81 Al I 
3 wo23 Al f 
4 9.12 Al I 
6 1.54 Zn 5 
7 3.28 Zn 10 
10 3-78 Sn 3 
TI 3.86 In 5 
I4 4.18 Cd 10 
15 3.83 Ag 5 
17 0.21 Si I 
19 0.49 M 2 
0.24 Ce 0.5 
Be Votes La 0.5 
22 4.14 Mn I 
: | 
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because the color of the scales suggested 
that the impurities were lodged mainly 
near the metal surface while the analytical 
samples were more representative of the 


Fic. 17.—SPECIMEN SHOWING PREFERENTIAL 
OXIDATION ALONG EDGE CRACKS. ABouT X 14, 


outer zones of the oxide. The very low 
zinc and cadmium contents of the oxides 
formed upon alloys containing these 
metals are not surprising in view of the 
probable loss of oxide fume from these 
samples as cited previously. 


DISCUSSION OF RESULTS 


It has now been demonstrated that 
magnesium oxidizes in at least three dis- 
tinct ways under various conditions; 
namely: (1) by the growth of a protective 
film at relatively low temperatures in air 
and perhaps also at higher temperatures 
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in the early stages of oxidation and espe- 
cially in the presence of certain “protec- 
tive” gases, (2) by the formation of a 
porous nonprotective scale, often composed 
of cubes of MgO, particularly at the higher 
temperatures and (3) by combustion with 
a flame at temperatures approaching and 
exceeding the melting point, to form a fume 
of MgO cubes. The mechanisms. of oxida- 
tion proposed by Pilling and Bedworth! 
and by Scheil? attempt to explain only the 
second mode of oxidation, and while they 
correctly predict a linear rate, they fail to 
define the process controlling the magni- 
tude of the rate. Thus, a more detailed 
theory is required to explain the oxidation 
behavior of magnesium; such a theory may 
well include the earlier theories as integral 
parts of its plan. 

Since magnesium burns with a flame, it 
is apparent that this reaction must take 
place in the vapor phase, where magnesium 
gas and oxygen meet; the possibility that 
the reaction could occur at the surface of 
the metal, where the products of reaction 
would be released as incandescent MgO 
gas, need hardly be considered because 
of the very low vapor pressure of MgO. 
The perfection of the MgO cubes that 
make up the fume is strongly suggestive 
of their growth in space where impinging 
surfaces cannot modify their natural idio- 
morphic form. Magnesium has a relatively 
high vapor pressure, as demonstrated by 
Coleman and Egerton’ (Fig. 23), and 
boils at a little above r100°C. at one atmos- 
phere pressure; this temperature obviously 
is exceeded in the magnesium flame. Thus 
it may be assumed with some confidence 
that magnesium vapor, produced in the 
high temperature of the flame, burns upon 


meeting oxygen gas at some distance from - 


the metal surface, producing MgO, which 
quickly precipitates in the form of a fume 
of MgO cubes. Some of the fume settles 
on the metal and on other near-by surfaces, 
giving the appearance of a loose scale 
formation. The rate-controlling factors are 
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TRON MICROGRAPHS OF OXIDES FORMED ON PURE MAGNESIUM AND MAGNESIUM 
ALLOYS. 

e third in reproduction. 

Oxide from pure magnesium oxidized at 503°C. 

Oxide from pure magnesium oxidized at 503°C. 

Oxide from pure magnesium oxidized at 575°C. 

Oxide from alloy of Mg and 7.23 per cent Al oxidized at 490°C. 

Oxide from alloy of Mg and 1.54 per cent Zn oxidized at 5 reer 

Oxide from alloy of Mg and 3.83 per cent Ag oxidized at 502°C, 
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Fic. 19.—ELECTRON MICROGRAPHS OF OXIDES FORMED ON MAGNESIUM ALLOYS OXIDIZED AT 501°C. 
Original magnifications 20,000; reduced 


approximately one third in reproduction. 
a. 3.94 per cent Pb. d, 2.38 per cent Ga. 
b. 3.94 per cent Pb. é. 0.24 Ce + 0.32 La. 
¢. 3.78 per cent Sn. 


f. 0.24 Ce + 0.32 La. 
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probably highly complicated, inasmuch as 
they must include all conditions that can 
influence the concentration and dissipation 
of heat as well as the supply of oxygen; 


Gulbransen’s!! observation of a nearly 
parabolic rate of oxidation of magnesium 
at low temperatures may, accordingly, be 
taken as evidence that normal protective 


Fic. 20.—TWo-PHASE STRUCTURE OF OXIDE FORMED UPON ALLOY OF MAGNESIUM AND 0.49 PER CENT 
NICKEL X 23. i 


presently available data are too frag- 
mentary to warrant an attempt to calcu- 
late the rate of combustion. 

As a result of extensive studies upon the 


oxidation behavior of such metals as 


copper,!!4 iron'!5 and nickel,"16 the 
general theory of protective oxidation is 
well developed. The rate, which diminishes 
approximately parabolically with time, is 
controlled by the rate of diffusion of one 
of the reactants through the resulting scale 
layer; as the scale grows in thickness the 
path of diffusion increases, while the 
concentration of the reactants remains 
constant at the surface and hence the rate 
of delivery of the reactants decreases. 


oxidation is occurring. It may be pre- 
sumed that the rate of low-temperature 
(and initial) oxidation is controlled by the 
rate of diffusion of one of the reactants 
(probably magnesium) through a coherent 
film of MgO. 

According to Pilling and Bedworth, 
magnesium should not exhibit protective 
(parabolic) oxidation, because the volume 
of the oxide is less than that of the metal 
consumed and a coherent scale layer 
should not form. The evidence at hand 
indicates, however, that very thin coherent 
films of MgO can and do form upon the 
metal. Low-temperature films removed by 
the evaporation of the metal exhibit no 
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system of discontinuities when viewed with 
the electron microscope. Gulbransen found 
that some low-temperature films prevent 
the sublimation of magnesium in vacuum, 
while others permit sublimation in varying 


reaches some. more or less critical dimen- 
sion, spontaneous and systematic rupturing 
will occur. 

This view of protective oxidation is 
easily reconciled with the action of the 


Fic. 21.—TWwo0-PHASE STRUCTURE OF OXIDE FORMED UPON ALLOY OF MAGNESIUM AND 4.14 PER CENT 
MANGANESE. X 23. 


degrees, indicating. that no systematic 
rupturing of the film occurs at small thick- 
nesses. Perhaps the explanation lies in the 
inherent strength of thin MgO films, which 
is evident in the relative ease with which 
they can be handled. It may be presumed 
that, when the film is so thin that tensile 
stresses are operating in an essentially 
two-dimensional system, the oxide can 
withstand the tensile stress necessary to 
adapt it to the dimensions of the metal; 
it will be necessary, presently, to add the 
corollary that, when the film thickness 


“protective”? gas atmospheres and alloying 
agents and, in addition, it provides an 
explanation of the induction period that 
precedes nonprotective oxidation under a 
variety of conditions. When moisture is 
present, there forms a very protective film 
composed largely of Mg(OH)2 (density 
2.38), which has a volume ratio with 
respect to the metal (density 1.74) that 
is much more favorable to coherent film 
formation than is that of MgO (density 
3.65). Similarly, sulphur dioxide, which 
is highly protective to magnesium and is 
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thought to form MgSO, (density 2.66), 
should produce a more voluminous and, 
therefore, a more stable coherent film. 
Alloying elements, such as aluminum, 
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critical thickness, the exact value of which 
will depend upon the temperature, the 
surface contour of the metal and the 
composition of the film, it is proposed that 


Fic. 22.—TRANSMISSION ELECTRON MICROGRAPH OF ROOM-TEMPERATURE OXIDE FILM REMOVED 
FROM MAGNESIUM BY SUBLIMING THE METAL IN VACUUM AT 500°C. X 20,000. 
Holes if present, would have appeared clear white. 


copper, nickel and so on, form more 
voluminous: oxides, and when present as 
such in the MgO film might be expected 
to increase. its protective characteristic. 
Apparently this is true, because such 
alloying additions to magnesium all give 
rise to induction periods preceding rapid 
nonprotective oxidation, indicating that 
they tend to stabilize the protective film. 
The observation that the rate during the 
induction period does not diminish para- 
bolically, but tends to rise continuously to 
the high rate of linear oxidation, need not 
be disturbing, because it has also been 
observed ‘that -nonprotective oxidation 
starts preferentially at edges, corners and 
imperfections, spreading thence over the 
‘entire surface, so that a gradual transition 
from protective to nonprotective oxidation 
is to be expected. 

When the protective film reaches some 


tensile ruptures appear spontaneously, 
admitting oxygen gas through the film 
and thereby accelerating oxidation. The 
nonprotective (linear) oxidation that fol- 


‘lows is believed by Pilling and Bedworth 


and by Scheil to occur by reaction at the 
metal surface. A more or less porous scale 
grows by the deposition of new oxide at 
the interface between the metal and the 
scale. 

Since the rate of nonprotective oxidation 
is insensitive to the thickness of the scale, 
it appears that the rate of delivery of 
oxygen to the reaction zone is not impor- 
tant; i.e., an excess of oxygen is present at 
all times. It seems most probable, there- 
fore, that the rate of linear oxidation is 
controlled by the rate of the reaction of 
oxygen with magnesium under conditions 
of constant supply. If the order of the 
reaction can be identified, this should 
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serve as a guide to the mechanism of the 
reaction. Linear reaction is in itself proof 
of zero-order reaction, which has the 
additional characteristic that it is insensi- 
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by us at one atmosphere pressure; Gul- 
bransen’s data show that at 475°C. a 
hundredfold decrease in oxygen pressure 
results in only a 2.3-fold decrease in the 
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muir’s'* equation. 


tive to the concentration of the reactants, 
while first and higher order reactions are 
distinctly sensitive to the concentration 
of the reactants. The experiments described 
have shown no consistent trend in the 
rate as a function of oxygen pressure 
(equivalent to oxygen concentration): at 
reduced oxygen pressure (200 mm.) Gul- 
bransen found a higher rate at 500°C. and 
a lower rate at 475°C. than was observed 


rate of oxidation; in oxygen-nitrogen 
mixtures, we found smaller rates than in 
air, both when the oxygen partial pressure 
was above and when it was below that in 
air. Thus, it is reasonable to conclude that 
the reaction is insensitive to pressure and 
is of the zero order. 

Glasstone, Laider and Eyring! give 
for the rate of the ideal zero-order reaction 
the expression: 


fe 
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Vv =Ce MT e~E/RT 


where 2 represents the reaction rate in 
molecules per square centimeter per second, 
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rate of the zero-order reaction of oxygen 
upon magnesium. It is possible, however, 
to test the validity of the assumptions 
contained in the equation, as applied to 
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¢, is the number of activated centers per 
square centimeter of surface (approxi- 
mately equivalent to the number of atoms 
in a square centimeter of surface), & is the 
Boltzmann constant, # Planck’s constant, 
R the gas constant, T the absolute tem- 
perature and E the activation energy per 
mol. In the absence of data from which 
the activation energy E can be com- 
puted, it is not possible to calculate the 


the present case, by substituting the 
measured values of the reaction rate and 
the activation energy and solving for one 
of the constants of the equation. If this 
is done using the rate of 0.032 mg. per sq. 
cm. per hr. found at 500°C. and the 
energy of activation 50,500 cal. per mol, 
it is found that the value of ca becomes 
1.5 X 101%; which is to be compared with 
1.1 X 1015 atoms in a square centimeter 
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on the close-packed basal plane of magne- 
sium. For calculations of this kind the 
agreement is excellent. 

It may be concluded, therefore, that 
the chief criteria of zero-order reaction 
have been met. The oxidation reaction 
takes place by the adsorption of a layer 
of oxygen molecules upon the magnesium 
surface, with subsequent reaction to form 
MgO, which does not adhere to the surface. 
Previous cases of zero-order reaction have 
involved only catalysis where the products 
of reaction leave the metal surface as a 
gas and carry away none of the metal 
itself. 

Although the approximations contained 
in the computation of ca cited above really 
forbid speculation with regard to the 
difference between the calculated value, 
1.5 X 1o!® and the number of atoms in a 
close-packed square centimeter of mag- 
nesium, 1.1 X 10/5, the temptation to 
do so is very strong. For the sake of 
argument, let it be supposed that there 
is a real difference in the figures, in the 
direction indicated; this would mean that 
there are in effect more activated centers 
per square centimeter of surface than 
there are atomic positions in the same 
area. Such a result might have been 
anticipated in view of the relatively high 
vapor pressure of magnesium. If metal 
vapor is released at the metal surface, 
some additional oxidation may take 
place in the vapor phase in front of the 
metal surface, or the magnesium vapor 
may become absorbed on an adjacent 
surface of MgO, where the reaction could 
proceed with the further adsorption of 
oxygen. In either case the effective reac- 
tion surface would be increased. 

Mention has been made of the oc- 
currence of nonprotective oxidation in two 
consecutive linear stages. The second 
stage is always faster than the initial 
stage, and the character of the scale 
changes from a rather dense, though still 
porous product, in the initial stage, to a 


loose fluffy deposit, composed largely of 
MgO cubes, in the second stage. These 
observations can now be related to the 
mechanism of nonprotective . oxidation 
just proposed. When nonprotective oxida- 
tion starts, the metal is already covered 
with the closely adhering protective film. 
Upon the rupturing of this protective film 
any new MgO molecule that forms may 
be expected to precipitate upon the inner 
surface of this film, causing it to grow as a 
dense, polycrystalline body. Such scales 
have a strong tendency to separate from 
the metal; upon cooling they always 
separate and when they reach a thickness 
of about o.oo1 in. they tend to separate 
at constant temperature. Suppose, now, 
that the dense scale begins to pull away 
from the metal, possibly first at isolated 
points, where the thickness reaches a 
critical value. There is now substantial 
space between the metal and the oxide 
scale. This leaves more room for vapor- 
phase reaction or its equivalent reaction 
with magnesium adsorbed on the oxide, 
and the rate of oxidation increases accord- 
ingly. The oxide is no longer being formed 
exclusively in the immediate neighborhood 
of the existing scale and the conditions 
surrounding the condensation of the newly 
formed MgO may be expected to more 
nearly approximate those present in com- 
bustion; i.e., cubic idiomorphic crystals 
of MgO may form. Since the MgO cubes 
are randomly oriented (X-ray and micro- 
scopic studies revealed no preferred orienta- 
tion), their loose packing will maintain the 
space for continued reaction at the in- 
creased rate. 

In this connection, it is interesting to 
recall the observation that the MgO cubes 


found in loose scales formed at high tem- — 


peratures were generally smaller than 
those formed at lower temperatures. 
This means that the rate of MgO crystal 
nucleation must be greater at the higher 
temperatures. This would be true if the 
effective MgO concentration (or vapor 
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pressure) were higher at high temperature, 
which is consistent with the theory 
proposed. 

It remains to consider how the presence 
of alloying elements can change the rate 
of nonprotective oxidation. The only 
alloy that exhibited a decreased rate, as 
compared with pure magnesium, was the 
one containing cerium, and in this case 
only protective oxidation was found 
except where local breakdown of the film 
permitted the linear formation of loose 
oxide. Hence it appears that the only 
observed effect of alloying upon non- 
protective oxidation is an increase in the 
rate; some elements, of course, had little 
or no effect. Application of the theoretical 
equation for the rate of a zero-order 
reaction to the case of alloys results in 
both negative and positive deviations in 
the calculated value of c. ranging from 
one to several orders of magnitude, de- 
pending upon the value of the experimental 
energy of activation. Since the controlling 


factor in this equation at a given tem- 


perature is the energy of activation, the 
consideration of changes in this quantity 
as a result of alloying is not sufficient to 
explain the change in the rate of oxidation. 
Another conceivable reason for an in- 
creased rate has occurred to us, but it is 
not susceptible to quantitative proof 
with the data at hand: eutectic-forming 
alloying agents that lower the melting 
point (virtually all elements involved in 
the present studies) tend to increase the 
total vapor pressure over the solid phase; 
this might be expected to increase the 
importance of the postulated vapor-phase 
reaction. Actually, the observed increase 
in rate resulting from alloying was almost 
always roughly proportional to the de- 
crease in the melting temperature (solidus) 
of the alloy. This is best illustrated by 


considering the temperature at which a 


given oxidation rate prevails as a function 
of alloy content. Fig. 24 shows such a 
series of curves for the magnesium-alumi- 
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num alloys. The similarity of these curves 
to the solidus line of the magnesium- 
aluminum diagram (eutectic temperature 
= 436°C. and maximum solid solubility 
= 12.6 per cent Al) indicates at least a 
qualitative relation between rate of oxida- 
tion and melting point: 


SUMMARY 


The linear oxidation of pure magnesium 
and of a series of magnesium alloys has 
been measured within the temperature 
range 412° to 575°C., where a loose oxide 
scale forms. It has been found that the 
logarithm of the rate is directly propor- 
tional to the reciprocal of the absolute 
temperature. The energy of activation E 
for the oxidation of magnesium in this 
range is 50,500 cal. and the action constant 
A is 6.2 X 10! mg. per sq. cm. per hr. 
Alloying increases the rate of oxidation 
of magnesium whenever the melting 
temperature is significantly depressed by 
the alloying element. Magnesium forms a 
protective oxide film at low temperatures, 
a nonprotective loose scale at higher 
temperatures, and may undergo combus- 
tion at temperatures approaching the 
melting point. 

A theory of the oxidation of magnesium 
which has been proposed may be briefly 
stated as follows: at low temperatures, 
and in the early stages of oxidation at 
higher temperatures, normal protective 
oxidation occurs; when the protective 
scale reaches a critical thickness it dis- 
integrates spontaneously and a linear 
zero-order reaction between oxygen gas 
and magnesium “thereafter occurs at or 
adjacent to the metal surface; at still 
higher temperatures the rate of evaporation 
of magnesium becomes so great that the 
reaction occurs at a considerable distance 
from the surface and constitutes normal 
combustion with a flame. 
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H. Y, Hunstcxer.*—The authors are to be 
commended for a very thorough fundamental 
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investigation of a problem that has considerable 
practical importance. 

I would like to ask whether they have 
measured the extent to which the physical 
state of the surface affects rate of oxidation. 


T. E. Leontis (author’s reply)—Use of 
various grades of Aloxite papers produced no: 
significant change in the rate of oxidation. 
In fact, we went as far as preparing the surface 
by filing with a very fine file, and that resulted 
in no change in the rate of oxidation. Surfaces 
prepared by metallographic polishing were 
not investigated. 

In reply to the part of the question dealing 
with localized points that might enhance the 
rate of oxidation, there is a figure in the paper 
showing that if rolling cracks are present 
along the edges, the rate of oxidation is much 
faster along those cracks. In fact, it is almost 
localized along them. 


J. R. Burns.*—Can you tell what effect 
a little bit of SO2 or sulphur might have on the 
film formed at high temperatures? I mean the 
role played by SOx in heat-treating operations. 


T. E. Leontis.—We have made experiments 
that have shown that the additions of sulphur 
dioxide and carbon dioxide to oxygen at 
atmospheric pressure will virtually suppress 
the oxidation at temperatures as high as 
550°C. It is’ known from other studies that 
the film formed upon the surface of mag- 
nesium when SO, is present is not magnesium 
oxide, but magnesium sulphate. 


C. E. Nertson.{—Beryllium has a very 
interesting effect on reducing oxidation rate 
in both the liquid and solid magnesium. 
I do not believe there is anything in the paper 
about that, and I suggest that it would be a 
valuable field to investigate. 


U. R. Evans. {—This extensive and accurate 
survey of the oxidation of pure magnesium 
is most welcome. The precise rectilinear form 
of the majority of the curves is particularly 
satisfactory. since until recently there has 
been much doubt as to whether or not the 
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oxidation of magnesium followed a straight 
line. 

It may perhaps be useful to say a few words 
regarding the interpretation. The authors 
write: ‘The theory of parabolic oxidation is 
well developed. Linear oxidation, on the other 
hand, has received but little attention.’’ 
The recent development of the theory of 
parabolic thickening depends largely on 
the experiments and writings of Wagner,}s 
Price,!® Hoar and Price,?° Price and Thomas,”! 
and Mott??—papers that deserve very careful 
study, since they bring out the all-important 
connection between the velocity constants 
and the electrical properties of the film sub- 
stances. As regards linear and logarithmic 
oxidation, some help may be obtained from 
thé work of Vernon,?* Finch and Quarrell,?4 
Tronstad and Héverstad,?® Dunn and Wilkins?® 
and Vernon, Akeroyd and Stroud.?? It has been 
suggested that a coherent film, relatively 
protective and probably pseudomorphic after 
the metal, is first formed, which breaks up as 
soon as it exceeds a certain thickness. The 
relatively porous mass produced by the rever- 
sion of the pseudomorphic film to the stable 
crystal form of oxide is supposed to offer 
little resistance to the passage of material, 
and since resistance is due to the pseudo- 
morphic film that maintains a uniform thick- 
ness, the rate of growth—in absence of further 
complications—remains constant. A few years 
ago, the writer?® put forward a rather similar 
theory to explain logarithmic thickening, but 
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more recent results?® suggest that the assump- 
tion of a compact film of constant thickness 
is not necessary to account for the logarithmic 
growth law. 

As regards linear growth also, the two- 
layer picture as presented in the papers 
quoted may require some modification in 
explaining the facts now established by the 
authors, but if it should be retained to the 
extent of accepting passage through a compact 
basal film “as the rate-controlling process, 
then the energy of activation as derived from 
the temperature coefficient must be accorded 
a different significance from that apparently 
assumed by the authors. 

However this may be, it is interesting to 
note that the authors have reached the con- 
clusion that ‘‘when the protective film reaches 
some critical thickness, the exact value of which 
will depend upon the temperature, the surface 
contour of the metal, and the composition 
of the film... tensile ruptures appear 
spontaneously, admitting oxygen gas through 
the film, and thereby accelerating oxidation.” 

It would indeed be expected, from ele- 
mentary principles, that the disruptive 
transformation from the metastable (pseudo- 
morphic) form of oxide to the stable form will 
take place spontaneously only when a certain 
thickness has been reached, as was pointed 
out by the writer some years ago.*° The forma- 
tion of stable oxide from the pseudomorphic 
form (which can often be regarded as the 
stable form with its parameter unnaturally 
elongated in one direction and shortened in 
the other) can, in general, take place only 
if there is detachment from the metallic 
basis, at some points at least. If Wa is the work 
needed per unit area to overcome adhesional 
forces, and We is the energy per unit volume 
liberated when the distorted form reverts 
to the undistorted form, the net energy change 
should be yWo — Wa per unit area, where y 
is the film thickness. Thus the change should, 
in the case of a flat film, occur spontaneously 
when y exceeds Wa/We. It may occur at a 
smaller thickness at points of convex curvature, 
where the volume per unit area of the surface 
of separation will exceed y. This is doubtless 
one reason why “‘nonprotective oxidation 
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starts preferentially at edges, crannies or 
imperfections, spreading thence over the 
entire surface,’ although clearly other causes 
could be suggested for the starting of the 


—+4de k 


the complete disintegration of the protective — 
film at a certain thickness is more reasonable. 

Dr. Evans has also shown that the thick- 
ness at which the initial film ruptures may be 


Fic. 25.—RELATION BETWEEN METAL AND OXIDE ON MAGNESIUM. 


phenomenon at these points. Actually, how- 
ever, a certain fraction of the energy could be 
liberated with only partial detachment, so 
that a further sudden increase would be 
expected at a second critical thickness—as is 
actually observed. Probably this — picture, 
which is sketched with intentional vagueness, 
will require considerable modification before 
it becomes fully consistent with the facts, 
but it is believed that on some such lines 
will be found an explanation of the experi- 
mental data that accords also with observations 
on other metals. 


T. E. Leontis and F. N. Rarnes (authors’ 
reply).—The remarks of Dr. Evans are indeed 
welcome. There are a tew points upon which 
the authors would like to comment. Dr. 
Evans suggests that the rate of linear oxidation 
‘is controlled by the passage of reactants 
through a ‘“‘compact basal film,’’ which retains 
a constant thickness during the oxidation 
process. This assumes that only the outside 
layers of the film develop fissures, while an 
inner, compact layer of constant thickness is 
always maintained. As stated in the discussion 
of the paper, we believe that at a certain 
critical thickness, ruptures appear spon- 
taneously throughout the entire film, thus 
permitting free access of the oxidizing atmos- 
phere to the metal surface. Under these con- 
ditions, the rate of oxidation is controlled 
by the rate of chemical reaction between the 
metal and oxygen and this we have interpreted 
in terms of the kinetics of Eyring. With the 
data at hand, neither hypothesis can be 
definitely proved, but it appears to us that 
in the case of magnesium, where the film 
is under tensile stresses; the picture involving 


calculated from a consideration of the energy 
relationships. This may also be considered in 
another manner. In Fig. 25 is shown a sketch 
of the dimensional relations between the metal 
and the film for the case of magnesium whose 
oxide occupies less volume than the metal 
from which it is formed. If de is the dimensional 
difference between the oxide and the metal, 
then for the oxide film to conform to the metal 
surface it must extend by de introducing a 
tensile stress do is given by 


do = Ede 


where E is the modulus of elasticity of the 
oxide. This introduces a tensile load P on the 
area A given by 


P = Ado 


which must be counteracted by a shearing 
force between the metal and the film. As the 
thickness of the oxide film increases, the tensile 
load P will increase by virtue of the increased 
area A; and rupture of the film will occur 
when the shear stresses at the metal-film 
interface exceed the adherence forces between 
the metal and the film. This analysis may also 
be used to explain the separation of the initial, 
dense oxide scale, which has been observed 
to form upon magnesium, when a certain 
critical thickness of 0.001 to 0.002 in. is 
exceeded. 

We would like to reiterate Mr. Nelson’s 
remarks that additions of beryllium to mag- 
nesium appear very interesting from the stand- 
point of oxidation resistance and the subject 
should be pursued to some extent. — 


Properties of Cerium-containing Magnesium Alloys at Room and 
Elevated Temperatures 


By T. E. Leontis* anp J. P. Murpuy{ 


(Chicago Meeting, February 1946) 


Dourinc the last few years, the trend in 
the aircraft and automotive industries 
has been toward higher and higher operat- 
ing engine temperatures. This has created 
considerable interest in the effect of 
temperature on the properties of alloys. 
In the magnesium field, it has been recog- 
nized for many years that the addition of 
cerium imparts high strength and good 
resistance to creep at elevated tempera- 
tures. Beck,! in his treatise on magnesium, 
has summarized the work of German in- 
vestigators. This includes the unpublished 
data of. Menking, showing the increase 
in strength and hardness of extruded alloys 


containing 2 to 20 per cent Ce at tempera- 


tures from 20° to 300°C. (68° to 572°F.) 
and the results of Vosskiihler, who demon- 
strated the improved resistance to creep 
of alloys containing 6 per cent Ce plus 2 per 
cent Mn and o.5 per cent Ce plus 2 per 
cent Mn at 150°C. (302°F.). Wellinger and 
Keil? have also reported the creep proper- 


ties of a forged magnesium-cerium-man- 


ganese alloy at 200° and 250°C. (392° and 
482°F.). Haughton and Prytherch have 
determined the tensile properties of various 
forged magnesium alloys containing cerium, 
cerium plus manganese, cerium plus cal- 

cium, cerium plus nickel, cerium plus 
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nickel plus manganese, and cerium plus . 
cobalt plus manganese at temperatures 
up to 290°C. (554°F.). 

Magnesium-cerium alloys have been 
used in some commercial applications. 
It is reported that an alloy containing 
3 per cent Ce plus o.5 per cent Mn plus 
0.5 per cent Ca is being used on a forged 
impeller in Great Britain. Two forged 
parts made from an alloy with a nominal 
composition of 5 per cent Ce and 2 per cent 
Mn have been found on the German 
BMW-8o1D aircraft engine. These two 
forgings consist of a supercharger impeller 
and a rear cam-follower guide. 

In this country, several types of pistons 
have been made experimentally in both 
the cast and the forged conditions from an 
alloy containing 6 per cent Ce plus 2 per 
cent Mn and in the cast condition from an 
alloy of magnesium plus 1o per cent Ce. 
The cast pistons have been tested in various 
types of internal-combustion engines, with 
promising results. 

This paper presents the results of an 
extensive investigation on the properties 
of various cerium-containing magnesium 
alloys in both the cast and the forged 
conditions. Data are presented to show the 
beneficial effects of increasing amounts of 
cerium on the mechanical properties of 
magnesium at elevated temperatures. The 
effects of heat-treatment on the properties 
of these alloys and the attendant changes 
in the microstructure are discussed. The 
alloys investigated most extensively are 
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listed in Table 1 with their corresponding 
A.S.T.M. designations. In all tests, the 
cerium was added as Mischmetal, an alloy 


TABLE 1.—Nominal Composition of Cerium- 
containing Magnesium Alloys 


Nominal Composition, Per Cent 
Alloy 
Designation 
Mg+ 
Ce Mn 
E6 
E10 10 
EMoz 0.5 2 
EM2z2 2 2 
EM42 4 2 
EM62 6 2 
EMi102 10 2 


containing 45 to 50 per cent Ce, 22 to 25 per 
cent La, 23 to 27 per cent other rare earths 
and a rather high impurity content, of 
which iron is the major part. This material 
is available from various sources at a 
price ranging from $5.00 to $3.25 per 
pound, depending on the quantity pur- 
chased. Throughout this paper the term 
“per cent cerium” refers to the total 
- rare-earth content of the alloys. 


PREPARATION OF ALLOYS 
Melting Practice 


The alloys used in this investigation 
were made in small laboratory melts 
according to melting and casting techniques 
previously established as necessary for 
the production of sound material as dis- 
cussed in detail by Marande.* Commercial 
magnesium or Dowmetal M (1.5 to 2.0 per 
cent Mn) was melted down, depending 
on whether a magnesium-cerium or a 
magnesium-cerium-manganese alloy was 
to be cast. The cerium was added in the 
form of Mischmetal. 

It was necessary to take special pre- 
cautions in the alloying and casting of 
these alloys because of two major problems, 
which are not readily reconcilable: (1) the 
high reactivity of cerium with the MgCl. 
present in the common melting fluxes,® 
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resulting in a high loss of cerium; and 
(2) the inclusion of flux in the casting 
resulting from the use of the more fluid 
flux that does not contain MgClo. It was 
found that when the melt was poured 
immediately after alloying, Dow No. 310 
flux containing MgCl. could be used and 
still attain a cerium alloying efficiency of 
85 to 95 per cent. Alloying was carried 
out at 1350°F. After the addition of all 
the Mischmetal and thorough stirring, 
the temperature was raised to 1400°F. 
A period of about 15 min. was allowed for 
the flux to separate from the metal, and 
finally the surface flux was skimmed off 
and the melt poured. 

Because of the high cost of cerium, it 
often becomes necessary to remelt scrap. 
For such operations, and for cases where 
it was desired to hold a melt for more 
than one hour, the non-MgCl, flux, Dow 
No. 220, was used in order to reduce the 
loss of cerium to a minimum. To minimize 
the possibility of flux inclusion in the 
castings, the following measures were taken. 
After the meltdown, or at the end of the 
holding period, the cxcess flux was skimmed 
from the surface of the metal, and either 
Dow No. 310 flux or CaF, was added to 
thicken the remaining fluid flux. A holding 
period of 15 to 30 min. at the pouring 
temperature was then allowed before 
casting in order to settle as much of the 
flux as possible. The remaining flux was 
again skimmed from the surface before 
pouring. 


Grain Size Control 


Magnesium containing 6 to 10 percent 
Ce sand-cast at 1400°F. in the form of 
standard o.5-in. test bars has a moderately 
fine equiaxed grain size of 0.01 to 0.04 in., 
which is not influenced by subsequent 
heat-treatment. However, the grain size 
of these alloys can be mafkedly changed 
by either of two factors: (1) manganese 
content; and (2) pouring temperature, 
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- Fic. 1.—E¥FFrECT OF MANGANESE CONTENT ON GRAIN SIZE OF MAGNESIUM ALLOY CONTAINING 
6 PER CENT CERIUM POURED AT 1400°F, 
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e. Fic. 2.—EFFECT OF POURING TEMPERATURE ON GRAIN SIZE OF ALLOY EM62. 
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Additions of manganese to these alloys’ 


progressively increase the grain size up 
to a value of 0.20" in., corresponding to 
a manganese content of about 2 per cent. 
Fig. 1 shows the relation between grain 
size and manganese content in alloys con- 
taining 6 per cent Ce. The data on this 
plot represent the average values of a 
large number of determinations made at 
_ various positions along the length of the 
standard test bar (6.5 in.). It should be 
pointed out that variations ranging from 
0.02 to 0.20 in. can exist within one test 
bar; the smallest grain-size values occurring 
in the reduced section of the test bar. 

The results presented~in Fig. 1 were 
based on melts all poured from 1400°F. 
In Fig. 2 is shown the variation in the grain 
size of EM6z alloy as a function of pouring 
temperature. The results plotted are again 
the average of a large number of deter- 
minations, as described above. The effect 
of increasing pouring temperature on the 
grain size is apparent. It was also observed 
that the variation in grain size within a 
given test bar decreases with decreasing 
temperature. 

A few experiments have been carried 
- out in an attempt to refine the grain size 
of magnesium-cerium-manganese alloys 
by the addition of zirconium. The difficulty 
of maintaining a high manganese content 
with an appreciable amount of residual 
zirconium renders these results incon- 
clusive. However, in all tests there was a 
tendency toward finer grain sizes for 
equivalent manganese contents whenever 
zirconium was added to the melt, regard- 
less of the amount that remained in the 
castings. It was also observed that the zir- 
conium-treated alloys had higher strength 
properties at room temperatures. 


TESTING METHODS 


The results on cast alloys presented in 
this paper were obtained on o.5-in. stand- 
ard tension-test bars cast to size. The 
various heat-treatments applied to the 
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bars and their attendant influence on 


@ 


the structure and properties are discussed — 


in a later section. The heat-treatments 
were carried out in circulating air furnaces, 
which were controlled to +5°F. A con- 


centration of o.5 per cent SOz was main-— 


tained in the furnace atmosphere, to 


prevent excessive oxidation. Because of 


the high temperatures required for the 
solution heat-treatment of these alloys, 


the bars were packed in sand, in order to 


avoid any sagging. 

Tension tests at room and elevated 
temperatures were carried out on the cast 
test bars, without machining the as-cast 
surface, according to A.S.T.M. specifica- 
tions _(E21-43).6 One modification was 


made to the elevated-temperature testing — 


procedure; instead of the specified one 


hour holding period at temperature before 


testing, the bars were held at temperature 


for 10 min. It had been established previ- 


ously that no difference was caused by the 
use of this shorter holding period. 


Fatigue properties were determined on — 
R. R. Moore rotating-beam machines, — 
using plain and notched specimens with — 
a highly polished surface. The notch used — 
had a radius and depth equal to one tenth — 


the diameter at the base and resulted in a 
stress-concentration factor of 2. The speci- 
mens for fatigue tests were machined 
from the reduced section of the standard 
cast test bars. 

The creep results are based on tests of 
too hr. duration, carried out on individual 
vertical creep machines with the load 
applied through a lever system. The tem- 
perature of the furnace and of the specimen, 
as well as the variation of temperature 


over the length of the test bar, were con- 


trolled to well within the limits of A.S.T.M. _ 


specifications (E22-41). The extensions 
were..measured with an optical exten- 
someter having a unit sensitivity of ro—5 
and the unit accuracy of the readings is 
believed to be at least +2 X 10-5. A set 
of typical creep curves for alloy EMz1o2 


; 


PERCENT EXTENSION 


at 300°F. is shown in Fig. 3 for three 


different stress levels. It is apparent from 
the curves that during the 1oo-hr. test, 
the secondary stage of creep is not attained 
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between the stress and creep extension 
on this method of plotting facilitates the 
interpolation or extrapolation for obtaining 
the creep limit. In both Figs. 3 and 4, 
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TIME IN HOURS 
Fic. 3.—TYPICAL CURVES OF EXTENSION IN CREEP VERSUS TIME FOR ALLOY EMr1o2 at 300°F. 


and the material continues to deform at a 
decreasing rate. For this reason, no sig- 


nificance has been attached to the creep 
rates obtained in these tests, therefore 
the conventional methods of analyzing 
creep data cannot be applied. 

As a basis for comparison, the creep 


limit, defined as the stress required to 


produce an extension of o.1 per cent in 
roo hr. in creep is used throughout this 
paper. This is obtained by plotting ona 


log-log scale the extension obtained in. 


roo hr. against the corresponding stress. 
Fig. 4 shows a series of such curves for 
the case of EMzo2 alloy at four tem- 
peratures. The linearity in the relation 


only the extensions obtained as a result of 
creep are plotted; the initial deformation 
during loading is neglected. It is felt 
that this interpretation of the creep data 
yields a basis of comparison that is at least 
qualitatively, if not quantitatively, related 
to the results to be obtained from a con- 
sideration of creep rates during the 
secondary stage of the process. 

-The Brinell hardness was determined 
in all tests from impressions made with a 
1o-mm. steel ball using a 500 kg. load 
applied for 30 sec. In order to obtain the 
hardness at elevated temperatures, a 
constant-temperature oil bath, which was 
controlled to +1°F., was-used. The speci- 


300 


mens were preheated in the oil for at least 
ro min. before the load was applied, and 
the steel ball as well as part of the holder 
was kept submerged in the oil during 
testing. 
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The electrical conductivity was deter- 
mined from resistance measurements made 
with a Kelvin bridge in a constant-tem- 
perature room held at 95°F. The conduc- 
tivity values were corrected to 68°F. 
(20°C.) using the temperature coefficient 
for pure magnesium (0.004). Because of 
the limited solid solubility of cerium in 
magnesium, it is believed that the coeffi- 
cient for cerium-containing alloys will 
not be much lower; certainly the reported 
conductivity values are accurate to 1 or 
2 per cent. The thermal conductivities 
were obtained from the measured electrical 
conductivities by means of an empirically 
established correction to the Wiedemann- 
Franz ratio. 

The corrosion rates are based on alter- 
nate immersion tests in 3 per cent NaCl 
solution at 95°F.; the tests were carried 
out for a period of 14 days unless complete 


HEAT-TREATMENT OF Cast ALLOYS 
Metallography 


The two principal components of Misch- 
metal, cerium and lanthanum, form 
analogous constitutional systems with 
magnesium.! Investigators of these systems 
have been beset with the difficulty of 
obtaining the individual rare earth elements 
in pure form. For this reason, the various 


temperatures reported must be taken with. 


reservation, since the determinations may 
not necessarily have been made with pure 
binary alloys. 


et | 
| 
z 
3 


solution of the specimen took place before 
the end of that time. 

Any other special tests that were carried 
out will be discussed in conjunction with 
the discussion of the results. 


e 


. 


In magnesium-rich alloys, the rare | 


earth elements are present as the inter- 
metallic compounds MgsCe and Mg,La, 
both of which form by a peritectic reac- 
tion between the molten phase and the 
compounds Mg;Ce and Mg;La, respec- 
tively. The maximum solid solubility 
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Fic, 6.—EFFECT OF HEAT-TREATMENT ON MICROSTRUCTURE OF SAND-CAST MAGNESIUM-CERIUM 
ALLOYS. X 250. 

a. 1.29 per cent Ce heat-treated. b. 1.29 per cent Ce heat-treated and aged. c. 1.29 percent 

Ce heat-treated and stabilized. d. 6.06 per cent Ce heat-treated. e. 6.06 per cent Ce heat-treated : 
and aged. f. 6.06 per cent Ce heat-treated and stabilized. 
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__ of cerium in magnesium is reported by 
- Haughton and Schofield’ as 1.6 per cent, 
while Weibke and Schmidt? find it to be 


2.2 per cent. According to. the latter au- 
thors, lanthanum dissolves to an extent 


_of 2.0 per cent at the eutectic temperature. 


The solid solubility in both cases decreases 
rapidly from these values with decreasing 
temperature to a negligible value at room 
temperature. In view of the marked simi- 
larity between the magnesium-cerium and 
the magnesium-lanthanum systems, it 
is felt that the structures and heat-treating 
characteristics of the alloys made with 
Mischmetal can be safely discussed in 


_terms of the phase diagram of the mag- 


nesium-cerium system. 
The eutectic temperature of alloys made 


a by the addition of Mischmetal, with and 


~ of the 


without manganese present, has been deter- 
mined metallographically to lie between 
1080° and rogo°F. On the basis of these 


data, the heat-treating temperature for 


obtaining the maximum amount ofsolution 
without causing liquation was set at 1070°F. 
Conductivity measurements on _ alloys 
containing 6 and ro per cent cerium have 


_ shown that the maximum amount of solu- 


tion of compound is attained in }4 hr. 
at this temperature. However, a 24-hr. 
period for solution heat-treatment was 
used for all the work reported herein, 
in order to obtain complete coalescence 
undissolvable compound. The 
metallography of magnesium-cerium and 


*magnesium-cerium-manganese alloys has 


been carefully investigated during the 
course of this work. In the following para- 
graphs a summary of the observations on 


the microstructure and the influence of 


various heat-treatments thereon is given. 
The structures presented in the accom- 
panying micrographs were all revealed by 
etching with the standard acetic glycol 


etchant (20 parts glacial acetic acid plus 


r part concentrated nitric acid plus 60 
parts ethylene glycol plus 19 parts dis- 
tilled water). 
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The as-cast structures of alloys contain- 
ing 1, 6, and ro per cent Ce are shown in 
Figs. 5a, c, and e, respectively. The struc- 
ture of 1 per cent Ce alloy consists prin- 
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Fic. 7.—EFFECT OF HEAT-TREATMENT ON 
MICROSTRUCTURE OF SAND-CAST MAGNESIUM ++ © 
10.11 PER CENT CERIUM ALLOY, X_250. 
a. Heat-treated. b. Heat-treated and aged. | 
c. Heat-treated and stabilized." .* 
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cipally of the primary alpha phase, mag- in this alloy indicates that coring has. 
nesium solid solution, with asmall amount taken place, since its composition is well 
of eutectic (alpha phase plus Mg,Ce). below the reported maximum solid solu- 
Actually, in this alloy the eutectic is bility limit. The structures of the 6 and 


Fic. 8.—ELECTRON MICROGRAPHS OF CERIUM-CONTAINING MAGNESIUM ALLOYS: METHYL IODIDE 
; : ries ETCHANT.!! X sooo. 
@. 0.00 per cent Ce heat-treated. b. 6.06 per cent Ce heat-treated and aged. c. 6.10 per cent C 
pice Os e 
+ 1.9 per cent Mn heat-treated. d. 6.10 percent Ce + 1.9per cent Mn heat-treated ai aged. 


‘completely divorced, so that the inter- 10 per cent Ce alloys show that the alpha 
dendritic constituent is the intermetallic - phase is completely enveloped by a con- 
compound Mg,Ce. The presence of eutectic tinuous network of the eutectic within 
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which the continuous phase is the inter- 
metallic compound (Figs. 5¢ and e). 
When these alloys are stabilized from the 
as-cast condition at 600°F. for 16 hr. 
(SCS condition), a coarse precipitate 
appears throughout the alpha phase (Figs. 
50, d, and f), indicating that a considerable 
amount of cerium is retained in solid solu- 
tion during cooling from the solidification 


_ temperature. No other structural changes 
result from this heat-treatment. 


The effect of heat-treating at 1070°F. 
(HT condition) on the structure of these 
alloys is illustrated by Figs. 6a, 6d, and 
7a. A small amount of undissolved com- 


_ pound still persists in the alloy containing 


t per cent Ce. This indicates that either 
the solid solubility of cerium or lanthanum 


in magnesium is considerably lower than 


the reported value or that the solubility 
of the other rare earth elements present 
in Mischmetal is negligible. The important 
change in the 6 and 10 per cent Ce alloys 
is the breakup of the continuity of the 
eutectic network and the coalescence of 
the compound into rounded or spheroidal 
particles. Figs. 6b, 6e, and 7b show the 


_ microstructure after aging from the heat- 


treated condition at 4aoo°F. for 16 hr. 
(HTA condition). This aging treatment 
does not result in any visible precipitation 
under the light microscope in the 6 and 
ro per cent Ce alloys. The structure of the 
alloys after the heat-treated material 


has been stabilized at 600°F. for 16 hr. 
(HTS condition) reveals the presence of a 


very heavy, coarse precipitate throughout 


‘the alpha phase (Figs. 6c, 6f, and 7c). 


The presence of precipitate in the 


alloys after aging at 400°F. for 16 hr. 


has been detected by means of the electron 
microscope. Fig. 8 shows the electron 
micrographs of both alloy E6 and an alloy 


containing manganese, EM6z2, in both 


the HT and HTA conditions. Although a 
small amount of precipitate is visible in 
alloy E6 in the HT condition, resulting 


from the relatively slow air cool, the 
amount increases perceptibly upon aging. 


OE. 


The manganese-containing magnesium- 
cerium alloys have been investigated more 
completely. Examination of a series of 
alloys containing 1.4 to 1.7 per cent Mn 
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9.—DENDRITIC STRUCTURE OF ALLOY 
EM62. X 50. 


with the cerium content varying from 0.5 
to 17 per cent has revealed two important 
structural features: (1) continuity in the 
eutectic network is attained at approxi- 
mately: 4 per cent Ce; with increasing 
cerium content, the relative amount of 
eutectic to alpha phase increases; and 
(2) the presence of manganese results in a 
large columnar grain size with a markedly 
coarser dendritic pattern within each 
grain. This latter feature is clearly illus- 
trated by the micrograph at a low mag- 
nification shown in Fig. 9. 

The microstructures of alloys EM62 
and EMroz2 in the as-cast and various 
heat-treated conditions are illustrated in 
Figs. ro and 11. The markedly coarser 
dendritic structure is apparent in the 
structures of the as-cast and SCS conditions 
as compared with the structure of E6 and 
Exo alloys. The structures of the heat- 
treated conditions again show the breakup 
of the eutectic network and the cor- 
responding changes upon aging and stabiliz- 
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ing. Comparison with the manganese-free 
alloys shows that slightly less compound 
remains undissolved in the alloys con- 
taining manganese. This effect is further 
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mined for various alloys and are sum- 
marized in Table 2. The increase in con- 
ductivity upon stabilizing from the as-cast 
condition is another indication of the 


Fic. 10.—MICROSTRUCTURE OF SAND-CAST MAGNESIUM-CERIUM-MANGANESE ALLOYS. X 250. 
a. 6,10 per cent Ce + 1.9 per cent Mnas-cast. b. 6.10 per cent Ce + 1.9 per cent Mn stabilized 


at 600°F. (16 hr.). c. 9.78 per cent Ce + 1.54 per cent Mn as-cast. d. 9.78 per cent Ce + 1.54 
per cent Mn stabilized at 600°F. (16 hr.). 


illustrated by the changes in conductivity 
and dimensions resulting from _heat- 
treatment and aging as described in the 
following paragraphs. 


Conductivity 
The changes in electrical conductivity 


resulting from heat-treatment and aging 
at various temperatures have been deter- 


retention of cerium in solid solution with 
magnesium upon solidification. The con- 
ductivity values obtained after heat- 
treating at 1070°F., followed by quenching 
in cold water in order to retain the maxi- 
mum amount of cerium in solution, show 
that the addition of manganese to each 
alloy yields a lower value. This is believed 
to be due to an increase in the solid solu- 
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Fic, 11.—EFFECT OF HEAT-TREATMENT ON MICROSTRUCTURE OF SAND-CAST MAGNESIUM-CERIUM- 
MANGANESE ALLOYS. 
a. 6.10 per cent Ce + 1.9 per cent Mn heat-treated. b. 6.10 per cent Ce + 1.9 per cent Mn 


heat-treated and aged. c. 6.10 per cent Ce + 1.9 per cent Mn heat-treated and stabilized. d. 9.78 
per cent Ce + 1.54 per cent Mn heat-treated. ¢. 9.78 per cent Ce + 1.54 per cent Mn heat- 
treated and aged. f. 9.78 per cent Ce + 1.54 per cent Mn heat-treated and stabilized. 
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bility of cerium in magnesium as a result 
of the presence of manganese. This belief 
is strengthened by the observation that 
heat-treating a cast alloy of magnesium 
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plain cerium alloys is a further indication 
of the increase in solid solubility at the 
heat-treating temperature as a result of 
the presence of manganese. 


TaBLE 2.—Effect of Heat-treatment and Aging on Electrical Conductivity of Sand- ce 


Cerium-containing Magnesium Alloys 
Electrical Conductivity, Microhm7!-centimeters™! at 20°C. (68°F.) 


HTQ + Aged 16 Hr. at Indicated Temperatures 


500°F 600°F In- | 700°F In- 

crease crease crease 
0.215 | 0.037 | 0.215 | 0.037 | 0.214 | 0.036 
0.167 | 0.040 | 0.171 | 0.044 | 0.167 | 0.040 
0.156 | 0.037 | 0.159 | 0.040 | 0.157 | 0.038 
0.144 | 0.040 | 0.166 | 0.062 | 0.160 | 0.056 
0.137 | 0.036 | 0.162 | 0.061 | 0.158 | 0.057 


Alloy 
As 

Mg+ Cast SCS iE Gua) 
SS 400°F 
Ce, %|Mn, % 
I.29 0.203 0.178 | 0.198 | o. 
6.06 0.156 || 0,172 | 0,127) 0.157. |.0. 
8.1 0.146 | 0.164 | 0.119 | 0.138 | oO. 
6.297 | i590 0.116 | 0.155 | 0.104 | 0.123 | oO. 
7.3 I.79 | 0.112 | 0.153 | 0.101 | 0.119 | O. 


containing 2 per cent manganese at the 
same temperature causes erratic increase 
in the conductivity rather than a decrease, 
and by the results of measurements of 
the dimensional changes accompanying the 
aging of these alloys to be described in the 
following section. These deductions are 
confirmed by the effects of aging on the 
conductivity. In all tests the conductivity 
after 16 hr. aging increases with increasing 
aging temperature up to 600°F. At 700°F. 
there is a slight drop in the value, prob- 
ably caused by a perceptible increase in 
solid solubility at that temperature. The 
rate of aging as measured by the change in 
conductivity with aging time is much 
slower for the manganese-containing alloys 
than for the corresponding manganese-free 
alloys; whereas the magnesium-cerium 
alloys are believed to be very close to their 
equilibrium values after aging 16 hr. at 
500°, 600°, and 7oo°F., the magnesium- 
cerium-manganese alloys are still far from 
equilibrium after 16 hr. at 400° and s5o00°F., 
and even at 600° and 700°F. the conduc- 
tivity of the 8 per cent Ce + 2 per cent Mn 
alloy is still rising. The much greater 
increase in the conductivity of the man- 
ganese-containing alloys upon aging at 
600° and 7oo°F. than the corresponding 


Dimensional Changes Accompanying Aging 


The dimensional changes occurring dur- 
ing the aging of cerium-containing mag- 
nesium alloys were followed as a function 
of aging time at 400°, 500°, 600°, and 
700°F. subsequent to heat-treatment. 
These determinations were made on sand- 
cast test bar, the ends of which were 
faced to a constant length of 5.7 + 0.05 in. 
All measurements of length were made at 
periodic intervals of aging with a dial 
gauge mounted on a specially constructed 
fixture. The smallest division on the gauge 
was 0.0001 in. and readings could be re- 
produced to 0.00005 in. The measurements 
were made in a constant-temperature room 
after at least one hour had been allowed 
for the bars to attain an equilibrium 
temperature. The figures for permanent 
change in length are believed to be accurate 
to +oroor per cent. 

Fig. 12 shows a set of typical curves for 
the case of alloy Ero, starting with the 
heat-treated condition. The important 
observation in these experiments is that 
precipitation from a solid solution of 
magnesium-containing cerium results in a 
dimensional contraction. This is in line 
with the data of Weibke and Schmidt,® 
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whose X-ray measurements show that 
lanthanum expands the magnesium lattice. 
Cerium would be expected to have the same 
effect on the dimensions of the magnesium 
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periods as short as 2 hr. at temperatures 
between 400° and 7oo0°F., so that a con- 
traction of o.o1 per cent or less will result 
upon subsequent exposure to temperatures 
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Fic. 12.— TYPICAL CURVES OF PERMANENT CONTRACTION VERSUS AGING TIME AND TEMPERATURE 
; FOR ALLOY Ero. 


lattice, since its atomic radius, as that of 
lanthanum, is greater than the atomic 
radius of magnesium. The complete results 
of measurements on various alloys are 
summarized in Table 3. Measurements 
were made on four different alloys, in 
each case starting with three heat-treated 
conditions, HT,. HTA, and HTS. The 
data show that the alloys containing man- 
ganese exhibit considerably larger changes 
upon aging than the manganese-free alloys. 
Since it is known that manganese con- 
tracts the magnesium lattice,1 it can be 
now definitely stated that it is the solu- 
bility of the cerium in magnesium that is 
increased by the presence of manganese, 
rather than that of manganese as a result 
of the addition of cerium. 

The results of these experiments show 
that magnesium-cerium alloys can be 


4 dimensionally stabilized by aging for 


) 


TaBLE 3.—Dimensional Changes Accom- 
panying Aging of Sand-cast Cerium- 
containing Magnesium Alloys 


Permanent Contraction in 
192 Hr. at Indicated 


iAlicy aoe Temperature, Per Cent 
dition 
400°F.| 500°F.} 600°F.| 700°F. 
E6. ARE 0,014 | 0.010 | 0.007 | 0.006 
HTA | 0.008 | 0.004 | 0.006 | 0.003 
HTS | 0.009 | 0.007 | 0.002'| 0.004 
Bye etanecrecee i alg be 0.012]0.012]0.006 | 0.008 
HTA | 0.007 | 0.004 | 0.007 | 0.004 
HTS | 0.008 | 0.006 | 0.006 | 0.004 
EM G2 yer eo ects HT |0.011 | 0.022 |0.022/0.016 
HTA | 0.007 | 0.017 | 0.015 | 0.017 
HTS | 0.004] 0.010 | 0.010 | 0.008 
Mg + 7.3 per 
cent Ce + 
1.79 per cent 
Mitiertxe tercnete HT |0.017|0.018 | 0.018 | 0.021 
HTA |0.011 | 0.017 | 0.012]0.010 
HTS | 0.004 | 0.005 | 0.006 | 0.006 


up to 7oo°F. Magnesium-cerium-man- 
ganese alloys, however, require an aging 
treatment of 16 hr. at 600°F. in order to 
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attain the same degree of dimensional 
stability. 


PROPERTIES OF Cast ALLOYS 
Magnesium-cerium Alloys 


The effect of increasing amounts of 
cerium on the tensile properties of mag- 
nesium is shown in Fig. 13. The results 
for both the as-cast and the heat-treated 
and aged (HTA) conditions show a linear 
increase in yield strength with cerium 
content up to 6 per cent. The elonga- 
tion decreases rapidly with increasing 
amounts of cerium. Both the tensile 
and the tensile yield strengths are in- 
creased by heat-treatment. 

The effect of solution heat-treatment 
alone and followed by aging on the me- 
chanical properties of alloys containing 
6 and ro per cent Ce is illustrated by the 


TABLE 4.—Effect of Heat-treating and Aging © 


on Mechanical Properties of Sand-cast 
Cerium-containing Magnesium Alloys 


Elon- Bri- 
Heat | 88t19") Tensile : nell 
Alloy | Treat-| 2? | “Yield | Tensile | Hard- 
ment P ae Strength2 8 ness 
Cent No 
E6 Ascast| 1.0 14.7 15.9 54.5 
SCS 1.0 375 15.9 53-4 
nr 2.0 12.5 16.4 48.9 
HTA 0.5 16,0 20.7, 58.7 
HTS 0.5 13.6 18.2 52.3 
, Ero Ascast| 0 17.0 64.5 
SCS ° 16.4 63.6 
HT Tso 15.9 17.62 61.2 
HTA 0.5 19.1 20.7 68.0 
HTS 1.0 17.0 17.8 63.8 
EM62 | Ascast| 0 T3),.0 14.3 S353 
SCS to) T3.3 13.8 55.6 
HT I.0 10.0 12.6 50.5 
HTA 0.5 14.3 16.8 56.6 
‘HTS 1.0 12.5 15.9 53.0 
EMio02| Ascast| 0.5 16.9 18.2 63:4 
SCS ° 17.6 17.9 60.6 
HT 1.0 13.6 17.0 57.5 
HTA 0.5 18.5 19.8 65.9 
HTS 0.5 13.4 16.8 61.5 


@ 1000 lb. per sq. inch. 


data in Table 4, together with the cor- 
responding data for the same alloys con- 
taining manganese. The yield strength 
and hardness decrease somewhat from the 
corresponding values in the as-cast con- 
dition upon solution heat-treatment, while 
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the tensile strength is not affected. Aging 
at 400°F. for 16 hr. causes about the same 
increase in both the yield strength and 
the tensile strength, and the resulting 
properties are definitely superior to the 
as-cast properties. Stabilizing at 600°F. 
for 16 hr. after solution heat-treatment 
decreases both the strength properties 
and the hardness slightly. 

The static properties of alloys containing 
6 and ro per cent Ce are plotted as a 
function of temperature in Figs. 14 and 
15, respectively, for both the SCS and the 
HTA conditions. The important feature 
in these results is the retention of high 
strength and hardness at elevated tempera- 
ture. Increasing the cerium content from 
6 to ro per cent increases the yield strength 
and hardness in both the SCS and HTA 
conditions over the entire temperature 
range, while the benefits of the higher 
cerium content on the tensile strength 
are apparent only at temperatures above 
400°F. The absence of an increase in the 
tensile strength corresponding to the 
increase in the yield strength and hardness 
in the 10 per cent Ce alloy is undoubtedly 
due to the presence of a considerably larger 
amount of undissolved intermetallic com- 
pound, which renders the alloy brittle 
at low temperatures. This is further illus- 
trated by the negligible value of the elonga- 
tion at temperatures below 400°F. and the 
markedly lower values at higher tempera- 
tures compared with those of the 6 per 
cent alloy. 

It was mentioned earlier that one of the 
most important properties of magnesium- 


cerium alloys is their relatively high resist-' 


ance to creep. The values of the creep limit 
determined by the method outlined earlier 
will be found in Table 5. The too-hr. 
creep test is admittedly too short for 
obtaining data of great engineering sig- 
nificance. Furthermore, the method of 
analyzing the data is somewhat arbitrary. 
The value of the creep limit so obtained 
for most of the cerium-containing alloys 
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at 300°F. is well above the yield strength, 
and in some cases it is equal to the tensile 


‘strength. This is a result of the brevity of 


the t1oo-hr. test. Because of this short 
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Comparison of alloy E6 with Ero can 
be made only at 300°F. Increasing the 
cerium content results in a significant 


increase in the resistance to creep, espe- 
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. Fic. 13.—EFFFCT OF CERIUM CONTENT ON TENSILE PROPERTIES OF MAGNESIUM. 


duration of testing, it was necessary to 
load the specimens at such stress that a 
measurable amount of creep would take 
place during the period of the test. Further- 
more, in the determination of the creep 
limit, no account was taken of the extension 
occurring during the application of the 
load. However, although it is fully ap- 
preciated that great engineering significance 
cannot be attached to the creep properties 
as reported herein, still the results are 
considered to be of value for comparative 


“purposes. Tests of tooo hr. duration are 


now in progress and the results thereof 


-will be reported at a later date. 


cially in the HTA condition. The beneficial 
effect of heat-treatment is seen by the 
increase in the creep limit at 300°F. 
from 10,500 to 14,500 lb. per sq. in. for 
alloy E6 and from 12,700 to 18,500 Ib. 
per sq. in. for alloy Exo. The increase 
due to heat-treatment in the creep limit 
of alloy Ero at 400°F. is considerably 
less than at 300°F., and at tempera- 
tures above 400°F. the differences become 
insignificant. 

Fatigue properties determined on R. R. 
Moore rotating-beam machines are also 
tabulated in Table 5. Again, there is an’ 
improvement in going from 6 to Io per 
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TABLE 5.—Comparison of Properties of Sand-cast Cerium-containing Magnesium Alloys 
with Dowmetal H at Room and Elevated Temperatures 


Fatigue Properties*¢ 1000 Lb. per Sq. In. 


Tensile Properties Se Yotlndicated ke 
Tem- i Been eee a 
Heat nell 
pera- _ | Creep J 
ture, aie ie Elon- Ten Host Limit? 10 Cycles 108 Cycles 
Deg. F. gation,| Yield| ie | No. in) eee 
Per Str.b Str.? 
Cent Sp Sa N.F. Sp Sn N.F. 
Room | E6 SCS TO! | etAc2 | ey ou 50.7 9.5 8.0 | 0.84 5.0 4.0 | 0.80 
E6 HTA Osh} eTOsa 25.6 58.2 13.5 | 11.0 | 0.81 9.0 6.0 | 0.67 
EM62 SCS OsSe | IZ METO 56.0 10.0 7 67 | 01.70 7.0 3.5 | 0.50 
EM62 HTA 06. 265 QRINtO. 3 60.5 Tr.S | Ives] “F.00 7.0 5.0 | 007% 
E1o SCS 0.0 16.2 63.6 12.0 §.0 || 6.75: [4tT.0 5.0 | O.gE 
E1o HTA 0.5 19.1 69.0 13.5 | 10.0 | 0.74 | 10.5 8.0 | 0.76 
EMroz | SCS 0.0 C702 60.6 
EMro2 | HTA 0.5 | 18.5 | 19.8 65.9 
DMHe | HTS2| 7.0 | 17.8 | 38.7 60.5 20.7 | 21.0 | 14.0 | 0.67 | 15.0 9.5 | 0.63 
3002 | E6 Scs ZUG AIG. 24 EFe5, 41.3 10.5 8.5 7.0 | 0.82 4.0 2.5 | 0.62 
E6 HTA 320+] 15.0) 20.'5 48.3 Eq asl) 1325 8.0 | 0.59 8.0 4.5 | 0.56 
EM62 SCS T2 |\PrEcoN a548 48.0 11.8 8.5 8.0 | 0.94 4.0 4°53) | pate 
EM62 | HTA 230))| 213.00) 20nd 46.8 L700 LETS ee OS 41 as. 53 8.5 55! |4o.65. 
E10 SCS O10) 214.6: | 56.6 51.8 I2.7 | 10.0 7.0>| 0.82 6.5 3.5 | 0.54 
E1o HTA LO |0t6. 39 27923 58.3 18275 |} IZ.0n) 10.0 | 0.77 9.0 6:S.) OTe 
EMtoz2 | SCS Le OuilimtzesuleLoue 53.2 12.8 
Pee hes 0.5 | 16.0 | 19.9 55.2 20.0 
40.3) | 14,2] 27.0 51.0 $3.1 03.51 R020 | KF 9.5 5.0} 0353 
400 E6 SCS 6.0 9.1 | 18.5 36.9 - s : 
E6 HTA 3 SuSE AS Th Te 7 46.4 
EM62 SCS tia rr10. | 15°90 43.0 8.4 
EM62 HTA 2.0. | IZ. O4PaIe7 44.4 
E1o SCS De Onto eke 48.3 9.2 
E10 HTA 1.8 | 16.1 | 19.6 54.7 10.4 
EMr1o2 | SCS BIL V TON OLA 47.5 
EMio2 | HTA 0,5 | theta loc7 52.3 Tacs 
alesis Rs 12}0) | 3725 37.2 
500 E6 SCS O48 8.3 | 18.8 35.2 
E6 HTA | 10.7 Si 7e | a6es 40.2 
EM62 |SCS 2 9:8 | 25.3 36.5 4.2 
EM62 HTA AGRO LEEE Salley k 36.6 
E10 SCS I.3 | 10.8 | 26.8 43.0 4.0 
Ero HTA a0. |" TA sAeh L604 42.0 4.4 
EMro2 | SCS 2.6 | 10.8 | 18.0 45.7 
EMioz | HTA £56 |tasg | wok 43.0 6. 
DMH HTS 9.0 | 12.0 25.4 
600 E6 SCS | 40.0 5.91 ger 26.1 
E6 BTA | 4t.7 Coy A fac ey. 24.8 
EM62 |SCS 19.0 8.1 | 23.8 23.5 2.4 
EM62 FTA, | 25.5 O.5e|- 25.0 25.2 
E1o Scs ac5 PSL St 34.0 | 
E10 HTA 7.2 9.5 | 16.2 37.6 203 
EMro2 | SCS eee TG hg ih acs 34.2 
EMio2z | HTA 7.0 9.9 | 16.4 34.3 2.5 
DMH HTS | 77.2 S57 Fad 
«Dowmetal H = Mg er ek ae: per cent Zn + 0.18 per cent Mn; HTS = 500 — eR; 
2hr. + 730°F. (16 hr.) aoe: (4 hr.) - ar 


6 1000 Ib. per sq. inch. 
*Sp Plain specimen. Sn Notched specimen; stress concentration factor = 2. N.F. Notch factor = Sn/Sp. 
4 Fatigue properties at 275°F. 


cent Ce. Heat-treatment and aging also as from the aging temperature. Further- 
enhances the fatigue properties. more, the data presented here are for the 
The changes in the conductivity of these standard compositions of alloys as con- 
alloys produced by the various heat- sidered for commercial applications. 
treatments are shown by the data in Table 
6, together with the results for the man- Properties of Magnesium-cerium-manganese 
ganese-containing alloys. These results “is Alloys . 
differ from those presented in Table 2 in Alloys containing various amounts of 
that the bars were air-cooled from the cerium with a nominal manganese content 
solution-heat-treating temperature as well of 2 per cent have been investigated more 
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extensively than the plain magnesium- 
cerium alloys. Figs. 16, 17, and 18 show 
the mechanical and physical properties 
of alloys containing 1.4 to 1.7 per cent Mn 
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content; the effect is more pronounced 
at elevated temperatures. The tensile 
strength is not shown for temperatures 
below 450°F. because it increased some- 
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as a function of cerium content in the range 
of 0.5 to 17 per cent at several tempera- 
tures. The alloys were all tested in the SCS 
condition. The strength properties show a 


marked increase with increasing cerium 


what irregularly with increasing amounts 
of cerium at the lower temperatures; 
however, the Brinell. hardness at room 
temperature increases uniformly with 
cerium content. As in the manganese- 
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elongation decreases 
amounts of 


free alloys, the 
markedly with increasing 
cerium. 


The density (Fig. 18) increases linearly 
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effect of the stabilizing treatment is more 
pronounced at compositions below 4 per 
cent Ce. This is in agreement with the 
metallographic observation that the eutec- 
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with cerium content up to 12 per cent; 
beyond that, there is a slight deviation 
toward a higher value. Fig. 18 also shows 
the change in thermal and electrical con- 
ductivities both in the as-cast and the SCS 
conditions. It is of interest to note that the 


tic network becomes continuous at that 
composition, thus rendering the alloys less 
sensitive to changes in the matrix. 


Alloys containing 6 and 1o per cent Ce © 


with 2 per cent Mn, EM62 and EMro2, 


respectively, have been investigated more 


1 
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thoroughly since they appeared the most 
promising. Figs. 19 and 20 show the 
variation in the mechanical properties of 
these alloys as a function of temperature. 
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cerium content from 6 to 10 per cent 
results in higher strength and hardness, 
and slightly lower ductility over the entire 
temperature range. The effect of heat- 


rd g 
TaBLE 6.—Electrical and Thermal Conductivity of Magnesium-cerium and Magnesium- 
cerium-manganese Alloys Compared with Dowmetal Alloys 


Conductivity? at 20°C. (68°F.) 


Alloy As Cast SCS HT HTA HTS 
o K o K o K o K o K 

Garside igen oo 0.156 | 0.257 | 0.172 | 0.282 | 0.142 | 0.236 | 0.166 | 0.276 | 0.175 | 0.287 
TUN Corr ceo soe lonbiane es ela 0.132 | 0.221 | 0.148 | 0.246 | 0.£16 |] 0.197 | 0.135 | 0.226 | 0.143 | 0.238 
ES IMG 2a rel araioreiDhetevaleysiersss 0.116 | 0.197 | 0.155 | 0.256 | 0.123-| 0.208 | 0.136 | 0.227 | 0.171 | 0.280 
BE Mr102.... -. Siero toes = 0.107 | 0.183 | 0.142 | 0.236 | 0.104 | 0.179 | 0.116 | 0.197 | 0.145 | 0.241 
Dowmetal He......... 0.082 | 0.146 0.069 | 0.126 | 0.004 | 0.164 | 0.080 | 0.143 
Dowmetal M®........ (Extruded): ¢ = 0.197; K = 0.320 

Dowmetal O-1°¢,....... (Forged HTA):¢ = 0.084; K = 0.150 


« Dowmetal H = Mg + 6 per cent Al + 3 per cent Zn + 0.18 per cent Mn; HT = 500 — 730°F. in 2 hr. 
+ 730°F. (16 hr.); HTA = HT + 4oo°F. (16 hr.); HTS = HT + 500°F. (4 hr.). Electrical conductivity cor- 
rected to 20°C. using value of temperature coefficient of 0.0012 from Beck. ; 

> Dowmetal M = Mg + 1.5 per cent Mn. Electrical conductivity corrected to 20°C. using temperature 
coefficient for pure magnesium. 

¢ Dowmetal O-1 = Mg + 8.5 per cent Al + 0.7 per cent Zn + 0.15 per cent Mn; HTA = 760°F. (2 hr.) 
4+ 350°F. (24 hr.). Electrical conductivity corrected to 20°C. using value of temperature coefficient of 0.00092 


from Beck.! 4 ; - : : ? 
dg = electrical conductivity in reciprocal microhm-centimeters. K = thermal conductivity in c.g.s. units. 


TABLE 7.—Comparison of Properties of Forged M agnesium-cerium-manganese Alloys 
with Wrought Dowmetal Alloys at Room Temperature and 300°F. 


I — eee 


. : Fatigue Propertiese? 1000 Lb. per Sa. In. 
Tensile Properties tolndicated Life 
Tem- a 
eTa- sys reep 
fire. Alloy Condition Elon- os Limit> 105 Cycles 108 Cycles 
Deg. gation,|] Yield site. 5 
Per | Str.o | stro 
Cent Sp Sn N.F. Sp Sn N.F, 
Room | EMOz Forged 9.8 | 25.3 | 36.8 16.0 | 10.0 | 0.63 | I1.0 5.5 | 0.50 
EM22 Forged CDs eos0! | On TOS) LO 5 |p O54 | AS 710, |)10, AS 
EM42 Forged Spon | (27.2 1637-0 18.0 | 12.5 | 0.63 | £55 6.0 | 0.39 
DM Me | Extruded 7.6 | 30.9 | 39.6 | 16.5 | 15.5 | 11.0 | 0.71 | 10.5 5.5 | 0.52 
DM O-1¢| Forged HTA| 4.5 | 39.5 | 52.9 | 22.0 | 26.0 | 14.5 | 0 56 | 16.0 9.5 | 0.59 
3004 EM O2 | Forged ZAMS |) LOes) | 26224 £S-0 
EM22 Forged f9.0 | 20.6 | 25.4 | 21.0 | 1645 12.0 
EM42 Forged 13.8 |) 20.5 | 27.2 | 2870°] 19.0-) 10.0 | 0.53 16.0 4.0 | 0.25 
DMM Extruded Tea vopeonT. | shes 827° | res 5 OLOn lwo. 72 8.5 4.5 90.53. 
DM O-1 | Forged HTA} 30.3 | 20.7 | 31.0 218 \e20u5 | LOs 51] On5E | 50.5 5.0 | 0.48 


a Dowmetal M = Mg +1.5 per cent Mn. Dowmetal O-1 = Mg + 8.5 per cent Al + 0.7 per cent Zn. 
+ 0.15 per cent Mn; HTA = 760°F. (2 hr.) + 350°F. (24 hr.). 

+ 1000 lb. per sq. inch. 

¢ For notation, see Table 5. 

4 Fatigue properties at 275°F. 


These curves show the same general char- 
acteristics as the curves for the correspond- 
ing manganese-free alloys: (1) retention of 
high hardness and strength over a wide 
temperature range and (2) increasing the 


treatment is further illustrated by the 
data included in Table 4 with that of the 
plain magnesium-cerium alloys. The effect 
of aging on the yield is slightly greater 
in the manganese-containing. alloys than 
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for the corresponding magnesium-cerium 
alloy. Stabilizing subsequent to heat-treat- 
ment results in about the same decrease in 
both strength properties and hardness as 
for the manganese-free alloys. 
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cerium alloys in Table 6. The addition of 
manganese results in a slightly lower con- 
ductivity in each case for all heat-treated 
conditions except the HTS. However, 
stabilizing at 600°F. subsequent to heat- 


WEIGHT PERCENT CERIUM ADDED TO M ALLOY 


Fic. 17.— EFFECT OF CERIUM CONTENT ON COMPRESSIVE YIELD STRENGTH AND BRINELL HARDNESS 
or M attoy, SCS CONDITION. 


The effect of heat-treatment on the 
electrical and thermal conductivities of 
these alloys is compared with the cor- 
responding properties of the magnesium- 


treatments raises the conductivity of 
magnesium-cerium-manganese alloys to 
essentially the same value as the cor- 
responding magnesium-cerium alloy, thus 
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indicating that the lower conductivity in The results of rotating-beam fatigue 

the other conditions is due to an increase tests, Table 5, again show the beneficial 

in solid solubility at the heat-treating effect of heat-treatment. The fatigue 

temperatures. properties of alloy EM6z2 are higher than 
The creep properties of these alloys those of alloy E6. 
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are included in Table 5. The presence of Manganese has a very marked effect 
manganese in both the 6 and ro per cent on the corrosion resistance of magnesium- 
Ce alloys results in a slightly higher value _ cerium alloys. Fig. 21 shows the change of 
in the creep limit over the entire tempera- corrosion rate of alloys containing 6 per 
ture range investigated. cent Ce as a function of manganese con- 
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tent. Alloys containing less than 1.2 per 


ne ; PROPERTIES OF FoRGED AL 
cent Mn exhibit a very high rate of cor- a 


rosion in 3 per cent NaCl solution, while Three magnesium alloys containing 
an alloy containing 1.2 per cent Mn has a_ cerium and manganese have been in- 
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markedly reduced corrosion rate and a vestigated in the forged condition. For 
further improvement is obtained by these tests, bars were cut in the longi- 
increasing the manganese to 1.5 per cent. tudinal direction from slabs 34 in. thick. 
Corrosion tests of alloys containing 1o per The slabs were forged sidewise from 
cent Ce with and without manganese slugs of 234-in. diameter, which had been 
yield the same results’ as the Se as extruded from cast billets of 8-in. diameter. 
' 6per cent Ce alloys. ~ Forging was carried outwith the billet 
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stock at rooo°F. and the finishing tem- 


perature was 750°F. 
The results of tension, creep, and fatigue 
tests at room temperature and at 300°F. 
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there is a slight increase in strength and a 
corresponding decrease in ductility with 
increasing cerium content. Alloy EM22 and 
EM,2 have the same creep limit at 300°F. 
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are summarized in Table 7. The. tensile 
properties of the three alloys EMo2, EM22, 
and EM4z, containing 0.5, 2, and 4 per 
cent Ce, respectively, and all having a 
manganese content of 2 per cent, are very 
similar at room temperature but at 300°F. 


and are only slightly superior to the alloy — 


with the lowest cerium content. EMoz2. At 


4co°F., both alloy EM22 and EMq2 have 


a creep limit of 6500 lb. per sq. in. The 
creep resistance of the alloys containing 2 
and 4 per cent Ce at 300°F. is superior to 


ee a Se 
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any of the cast alloys discussed in the pre- 
ceding paragraphs. There is very little dif- 
ference between the fatigue properties of 
the three alloys. 
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which decreases with increasing aluminum 
content. 


In the present work, the properties of 
alloy EM6z2 have been studied as a function 
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EFFECT OF ALUMINUM ON PROPERTIES OF 
AtLtoy EM6z2 


The constitution of magnesium-alumi- 
num-cerium alloys has been investigated 
by Pogodin and Mikheeva® within the 
Mg-MgsCe-Mgi7Alz triangle of the ter- 
nary diagram. It was observed by these 
investigators that aluminum decreases the 
solid solubility of cerium in magnesium to 


_ very low values and effects marked changes 


in the microstructure. Mader and Laves!° 
have shown that additions of aluminum to 
the German alloy AMs537 (1.5 per cent 
Mn + 0.5 per cent Ce), decrease both the 
strength and ductility of rolled sheet. 
Furthermore, in alloys containing 1 per 


cent Al, the MgsCe grain-boundary net- 


work occurring in the bead and the fusion 
zone of welded structures of this alloy is 
replaced by small particles of CeAl2 dis- 
tributed in the grain boundaries. In alloys 


containing less than one per cent alumi- 


he 


num, the CeAl, phase is associated with 
the’ MgsCe compound, the amount of 


of aluminum content up to 2.5 per cent Al. 
The composition of the alloys is given in 
Table 8. The cerium content was held be- 
tween 4.2 and 5.8 per cent, while the 
manganese decreased. to as low as 0.63 per 


TaBLE 8.—Composition of Aluminum- 
containing EM62 Ree 


PER CENT 

Nominal 

Aluminum Ce Mn Al 

Addition 
fo) 6.27 1.8 ° 
0.20 Ae Lei, 0.20 
0.40 4.3 133 0.36 
0.80 5.0 0.93 0.83 
I.00 5.8 0.95 1.00 
I.50 5.6 I. I.40 
1.80 4.8 Onna 1.80 
2.00 4.2 0.63 2.10 
2 5.1 0.95 2.50 


50 
| 


cent at the higher aluminum contents, 
because of the relatively low solubility of 
manganese in molten magnesium when 
aluminum is present. 

The effect of aluminum on the tensile 
properties of alloy EM6z is shown in Fig. 


ee 
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22. The tensile strength is not materially properties are not a result of the lower 
affected at 70° and 300°F., but at 600°F. cerium content, as can be seen by compar- — 
it falls off markedly with increasing alumi- ing these properties with those of an alloy 
num content. The yield strength decreases containing an equivalent amount of cerium. 
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continuously with increasing amounts of - Fig. 23 shows the change in electrical and 
aluminum and the elongation increases at thermal conductivity as a function of alu- | 
all temperatures. The changes in the tensile minum content in the as-cast and the SCS _ 
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conditions. The conductivity increases 
with aluminum to a maximum value at 1.8 
per cent Al. The stabilizing treatment re- 
sults in the usual increase in conductivity 
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the alloys except that containing 2.5 per 
cent Al. The observed structures of these 
alloys are similar to those shown by Pogodin 
and Mikheeva. Thus, the increase in the 
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due to the depletion of solute in the matrix 
by precipitation. 

The changes in the microstructure of 
alloy EM6z2 as a result of the additions of 
aluminum are shown by the series of micro- 
graphs in Figs. 24 and 25. With 0.20 per 


_ cent Al the structure is not very different 


from that of EM62 except that there are 
traces of a new phase present within the 
Mg,Ce phase, while in the alloy contain- 
ing 0.36 per cent Al. this new phase ap- 
pears throughout the eutectic network. A 
‘Chinese script” type of eutectic appears 
at 0.83 per cent Al. The amount of this 
eutectic increases and that of Mg»Ce 
decreases with increasing aluminum con- 
tent until at 2.5 per cent Al. there is no 
MgsCe present and the new eutectic forms 
a continuous network. The alloys contain- 
ing 0.83 to 2.1 per cent Al. have a Widman- 
statten precipitate in the as-cast structure. 
Stabilizing at 600°F. produces a coarse 


precipitate throughout the matrix in all 


conductivity resulting from the addition 
of aluminum to alloy EM6z2 must be asso- 
ciated with: (1) the decrease in solid 
solubility of cerium, and (2) the replace- 
ment of the MgsCe network by the new 
type of eutectic observed in the higher 
aluminum contents. 


DISCUSSION OF RESULTS 


The results of this investigation have 
shown that. the addition of cerium to 
magnesium produces alloys that retain 
much of their strength at elevated tem- 
peratures and exhibit high resistance to 
creep over a wide range of temperatures. 
The data have been discussed in full in the 
preceding sections. 

In conclusion, a few remarks may be 
made in the way of a comparison between 
the alloys discussed in this paper and some 
of the presently used commercial magne- 
sium alloys. 
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a. 0.20 per cent Al. b. 0.36 per cent Al. c. 0.83 per cent Al. d. 1.00 per cent Al. e. 1.40 per 
cent Al. f. 1.80 per cent Al. : 


The properties of Dowmetal H (Mg + of the tensile yield strength, the alloys 
6 per cent Al + 3 per cent Zn + 0.18 per containing ro per cent Ce and 10 per cent 
cent Mn) are included in Table 5 with the Ce plus 2 per cent Mn in the HTA condi- _ 
corresponding properties of the cerium- tion are superior to H alloy in the HTS © 
containing magnesium alloys. On the basis condition over the entire temperature — 
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range from 70° to 600°F., while the alloys 
containing 6 per cent Ce, with and with- 
out manganese, have comparable values at 
temperatures up to 300°F., and above that 
they become increasingly better than H 
alloy with increasing temperature. The 
tensile strength of alloys containing cerium 
is somewhat lower than that of Dowmetal 
H at room temperature and at 300°F., but 
at temperatures above 300°F. the former al- 
loys are superior to H alloy and their superi- 
ority increases with increasing temperature. 

In a word, it may be said that the dis- 
tinguishing feature of the cerium-contain- 
ing magnesium alloys is their retention of 
high strength at elevated temperatures in 
contrast to the decrease in strength of 
Dowmetal H at temperatures above 300°F. 
This is further emphasized by the markedly 
high resistance to creep of these alloy at 
elevated temperatures and the propor- 
tionately smaller decrease in fatigue resist- 


ance with increasing temperature than is _ 


exhibited by H alloy. The creep limit 
values of the cerium-containing alloys at 
300°F. are all very high compared with 
their static properties, while in Dowmetal 
H the creep limit has decreased from 
20,700 |b. per sq. in. at room temperature 
to 4300 lb. per sq. in. at 300°F., as com- 
pared with a yield strength of 14,000 lb. 
per sq. in. at that temperature. Direct 
comparison cannot be made at any other 
_ temperature because of the incompleteness 
of the data, but it is apparent that H 
alloy will exhibit poor resistance to creep 
at temperatures above 300°F. compared 
with the cerium-containing alloys. 

The properties of forged magnesium- 
- cerium-manganese alloys are compared 
with extruded Dowmetal M (Mg + 1.5 per 
cent Mn) and with forged Dowmetal 
O-1 (Mg + 8.5 per cent Al + 0.7 per cent 
Zn + 0.15 per cent Mn) in Table 7. The 
same general features are exhibited by 
the forged cerium-containing alloys as 
have been discussed for the cast alloys. 
While the tensile properties of the magne- 
4 sium-cerium-manganese alloys are some- 
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what lower at room temperature than 


_ those of the high-strength alloy, Dowmetal 


o-1, the latter alloy suffers a proportion- 
ately greater decrease in strength with 
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ALLOY EM62 CONTAINING: @ 2.1 PER CENT 
ALUMINUM AND 0 2.5 PER CENT ALUMINUM. 
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increasing temperature so that at 300°F. 
the cerium alloys are comparable to it on 
the basis of yield strength and only slightly 
inferior in’ tensile strength. In comparison 
with extruded Dowmetal M, the cerium- 
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containing alloys have comparable ten- 
sile properties at room temperature and 
are definitely superior to this alloy at 
300°F. On the basis of creep resistance, 
the cerium-containing alloys are markedly 
superior to either of the commercial al- 
loys at 300°F. The creep limit of Dow- 
metal o-1 is strongly affected by increasing 
temperature while extruded Dowmetal M 
shows the highest resistance to temperature 
of any of the presently used commercial 
magnesium alloys, either cast or wrought. 
The latter effect is also illustrated by the 
fatigue properties. 

Comparison of the conductivity of the 
cerium-containing magnesium alloys with 
that of the commercial magnesium alloys is 
made in Table 6. All the alloys contain- 
ing cerium have markedly higher conduc- 
tivity values than either Dowmetal H 
or Dowmetal O-1; the differences are 
more pronounced in the stabilized con- 
ditions. Dowmetal M has a slightly higher 
conductivity than the magnesium-cerium 
alloys. H alloy in the HTS condition has a 
lower conductivity than in the HTA condi- 
tion, indicating that stabilizing at 500°F. 
does not cause the same degree of precipita- 
tion as aging at 4oo°F. for 16 hours. 


SUMMARY 


1. The properties of magnesium alloys 
containing various amounts of cerium 
have been determined at room and elevated 
temperatures. 

2. Additions of cerium to magnesium 
produce alloys that retain relatively high 
strength and hardness at temperatures up 
to 400° or 500°F. 

3. Increasing amounts of cerium increase 
the elevated-temperature strength and 
hardness of magnesium alloys. 

4. The creep resistance of cerium-con- 
taining magnesium alloys is superior to 
that of other known magnesium alloys at 
elevated temperatures. 

5. The properties of cerium-containing 
magnesium alloys are enhanced by heat- 
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“treatment and aging. This effect is more 
_ pronounced in the case of the creep resist- 
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ance at 300° and 400°F. 

6. The elevated-temperature properties 
of magnesium-cerium alloys are improved 
somewhat by additions of manganese. 

7. Additions of manganese greater than 
I.I per cent markedly improve the cor- 
rosion resistance of magnesium-cerium 
alloys in 3 per cent NaCl solution. 

8. Manganese increases the solid solu- 
bility of cerium in magnesium at heat- 
treating temperatures. 

9. The conductivity of cerium-contain- 
ing magnesium alloys is markedly higher 
than any of the presently used commercial 
magnesium alloys, with the exception of 
Dowmetal M. 

10. These alloys can be rendered dimen- 
sionally stable by proper aging following 
the solution heat-treatment. 

11. Additions of aluminum to alloy 
EM62 decrease the strength properties at 
elevated temperatures and increase the 
ductility and conductivity. 
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(J. D. Hanawalt presiding) 


P. W. Baxartan.*—It is interesting to 
point out the comparison between the mag- 
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DISCUSSION 


nesium-cerium alloys as presented in this 
paper and some of the standard alloys in 
aluminum used at elevated temperatures. The 
alloy 142, or Y, is commonly used for such 
purposes in the aircraft industry where high 
tensile strength is required and a range up to 
600°F. is reached. The tensile strength in 
these magnesium-cerium alloys averages about 
15,000 lb. per sq. in. at 600°, whereas 142, 
or Y, at that temperature averages 9,000 to 
12,000 lb. per sq. in. Thus it seems that 
advantage will be obtained by the use of the 
magnesium-cerium compositions in future 
developments where the temperature-strength 
properties are an important factor. 


J. R. Burns.*—How long were the alloys 
preheated before testing to obtain the proper- 
ties shown in the slides? 


T. E. Lreontis.—As far as the properties 
that have been reported are concerned, the 
holding time was limited to 1o min. In other 
words, we have abbreviated the holding 
period from the one hour that is required by 
the A.S.T.M. specifications on the basis of 
previous studies on magnesium alloys that 
have shown no difference between 1 hr. and 
to min. However, I’d like to point out that 
we are considering the effect of extended 
holding times at high temperatures, and we 
have already instigated a program to study 
this problem, extending the time out to 
several thousands of hours. 


L, WwW. Kempr.{—Mr. Leontis made some 


reference to the effect of manganese on grain 
‘size. Another of the difficulties with these 


cerium-manganese alloys is the tendency for 
the development of large grain at slightly 
elevated pouring temperatures. As is well 
known, in the making of commercial castings, 
it is sometimes quite difficult to restrict pouring 
temperatures to the immediate vicinity of the 
liquidus, and alloys that develop coarse grains 
at slightly elevated pouring temperatures 
are at a distinct disadvantage. I wonder if 
Mr. Leontis would care to comment on these 
points? 


* Wright Field, Dayton, Ohio. 
} Aluminum Company of America, Cleve- 


_ land, Ohio, 
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T. E. Lrontis.—The effects of both pouring 
temperature and manganese content on the 
grain size of magnesium-cerium alloys are 
discussed in the paper. It is quite true that 
increasing manganese content as well as 
increasing the pouring temperature increases 
the grain size. In casting commercial products, 
it becomes necessary to go to more elevated 
pouring temperatures. For that reason, we are 
at present working on methods of refining the 
size of magnesium-cerium-manganese alloys. 
As stated in the paper, one of the methods 
we have found is by the addition of zirconium. 
However, there are difficulties with this method 
and we are also trying other methods in the 
direction of producing fine-grained mag- 
nesium-cerium-manganese alloys. 


J. D. Hanawatt.*—I do not recall whether 
Mr. Leontis mentioned that in Germany the 
magnesium-cerium alloy was in commercial 
use. I had the opportunity to investigate the 
German magnesium industry last summer. 
As far as I know, the use of cerium in com- 
mercial magnesium articles is the only element 
the Germans were using in magnesium-base 
alloys that was not used in this country at the 
start of the war. 

For instance, the German BMW aircraft 
engine used magnesium-cerium alloys as 
forgings on the supercharger impeller and the © 
rear cam-follower guide. I believe it would be, 
in dimension, about 24 in. in diameter. Later, 
during the war, when their source of cerium 
was no longer available, they changed that 
forging to a magnesium-base aluminum-zinc 
alloy, which is quite common in this country. 

It occurs to me that it is pertinent at this 
meeting to mention the designation of the 
alloys we have heard about this morning. 
It would be quite a help if we all knew that 
system, 

These alloys were frequently called EM62, 
and we have heard a good deal of AZ31, and so 
on. The system simply is to use the letter A 
for aluminum, Z for zinc, M for manganese, 
C for calcium and E for cerium. So that, 
for instance, if we have 3 aluminum, 1 zinc, 
it is AZ31. If we have 6 cerium, 2 manganese, 
it is EM6z2, and so on. It is very simple and 
can be helpful to have such a system. 


* Director of Metallurgical Department, The 
Dow Chemical Co., Midland, Michigan. 


Susceptibility of Four Magnesium Casting Alloys to Microporosity 
and Its Effect on the Mechanical Properties 


By Jay R. Burns,* Junior MEMBER A.I.M.E. 


(Chicago Meeting, February 1946) 


Two magnesium sand-casting alloys 
are commonly favored in the United 
States. These are referred to as H and 
C alloys (Dow Chemical Co.) or AM265 
and AM260 alloys (American Magnesium 
Corporation). Both are of an aluminum- 
zinc-manganese type. H alloy contains 
6 per cent aluminum and 3 per cent zinc and 
is characterized by relatively good tough- 
ness. C alloy contains 9 per cent aluminum 
and 2 per cent zinc.and is employed where 
high yield strength and pressure tightness 
are required. 

Examination of magnesium castings 
poured in Europe and England,}? how- 
ever, demonstrates that H and C alloys 
are replaced by A8 and AZor, respectively. 
That is, A8 represents a magnesium alloy 
having superior toughness while AZor is 
suitable for high yield strength and 
pressure-tight applications. 

The basic difference between the Ameri- 
can and European alloys is that the foreign 
alloys employ a somewhat higher aluminum 
content and less zinc than is found in 
H and C alloys. The mechanical properties 
of the alloys, when divided into high and 
low-aluminum groups, are quite similar, 
as determined from separately cast foun- 
dry-control type test bars.® 

~ In this paper the decrease of mechanical 


Manuscript received at the office of the 
Institute July 30, 1945. Issued as T.P. 1955 in 
METALS TECHNOLOGY, February 1946. 

*Sergeant, Air Corps; Metallurgist, A.T.S.C., 
Wright Field, Dayton, Ohio. 

1 References are at the end of the paper. 


properties caused by any given amount 
of microporosity is measured for H, C, A8, 
and AZor alloys. The relative susceptibility 
of each of the four alloys to microporosity 
is also determined. 

Typical mechanical properties and nomi- 
nal chemical analyses are reported in 
Table r. 


TABLE 1.—Composition and Typical Me- 
chanical Properties of Magnesium Sand- 
casting Alloys* 


Composition, 


Per Cent Ultimate 


Tensile 


Tensile 
Yield 


Lb. 
Sq. 4 


Alloy 


Alum- 
inum 


Lb. per 
Man- Sa. ee 
ganese 


Group 1. Low Aluminum, Superior Toughness 


H 


" 6.0 | 3.0} 0.20 | 38,600 14,200 | 12.0 
8 


8.0 | 0.4' 0.20 | 38,000 13,000 | 13.0 
(Properties in solution-heat-treated condition) 


Group 2. High Aluminum, High Yield Strength 


C 9.0 | 2.0] 0.20 | 39,900 | 24,800 2.0 

AZor} 9.5 | 0.4! 0.20 | 38,100 22,200 2.0 

(Properties in solution-heat-treated and aged 
condition) 


The apparent similarities between the 
two alloys in each group have led to 
considerable discussion as to the relative 
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merits of each of the compositions.?. 


Popular points for comparison between the 
alloys have been the relative susceptibility 


of each of the four alloys to microporosity® — 


and the effect of this microporosity on 
their mechanical properties. It is primarily 
intended, in this paper, to show the 
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effect of any given amount of microporosity 
on the mechanical properties of each of the 
four alloys. Sufficient data are also pre- 
sented to provide an assessment of the 


Horizontal two-end risers 


Horizontal, no risers 


Horizontal, four risers 


Horizontal, riser over center 
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R. S. Busk® has presented a method of 
quantitatively evaluating the severity of 
microporosity in test bars. This and 
several other procedures were investigated 


Vertical, small riser 


21149-P 


Horizontal, one end riser 


Fic. 1.—SIxX TYPES OF TEST CASTINGS. 


characteristic susceptibility of each alloy 
to microporosity. 


~ MATERIAL AND PROCEDURE 


The test casting selected for the work 
was a 6 by 10 by }4-in. plate, gated and 
risered in six different ways, as shown in 
Fig. 1. In this manner, microporosity was 
controlled both as to quantity and dis- 
tribution. Each of the castings was cut 


- into test bars as shown in Fig. 1. The bars 


were flat to facilitate later radiographic 
work and had a 2 by 0.75 by 0.3-in. gauge 
length. Radiographs of typical bars from 
various test castings are shown in Fig. 2. 
The microporosity was varied from zero 
to a quantity considerably in excess of 
that found in commercial castings. 


as possible techniques for measuring 
the microporosity present. The following 
method was developed as being the most 
desirable for this work insofar as scatter 
of results and elimination of “‘the human 
element” were concerned. 

The test bars were radiographed at 44 
ky. and 5 ma., using Eastman type-A film. 
Preformed lead shielding was placed on 
the sides of each bar. A small step block 
was included on every film, to check any 
change of gamma that might have occurred 
in development or from other cause. The 
film blackground—i.e., the image of the 
nonporous portions of the bars—was 
maintained between 1.0 and 1.2 density 
units. The greatest difficulty arose in 
attempting to maintain a~ uniform back- 
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ground density over the individual films. 
Constant stirring of the developer, to- 
gether with film agitation, did much to 
ensure the necessary uniformity. 
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subtracted, the difference being propor- 


bar. The two density readings were then 


tional to the severity of porosity within 
the gauge length of the bar. This difference 


Fic. 2.—RADIOGRAPHS OF TYPICAL TEST BARS. 

I. From horizontal plate with no risers. 

II. From horizontal plate with one end riser. 
III. From horizontal plate with riser over center. 
IV. From vertical plate with small riser. 


Six bars were radiographed at one time 
on an 8 by 1o-in. film. After the film had 
been processed in the dark room, it was 
checked for proper uniformity of density 
and, if satisfactory, cut into strips equal 
in width and coinciding with the images of 
the bars thereon. These strips were then 
slowly passed over the window of a photo- 
electric cell connected to a vacuum-tube 
amplifier and milliammeter (Fig. 3). The 
milliammeter was calibrated directly in 
density units. The cell opening was 1¢ by 
5¢ in., the size having been determined after 
brief experimentation on the scatter of 
results obtained with openings of various 
sizes. 

Two density readings were recorded 
during the scanning process—the minimum 
or background density, and the maximum 
density noted within the section of film 
encompassing the gauge length of the test 


is referred to as the porosity index. The 
maximum severity of porosity occurred 
within the gauge lengths of the bars, 
with only few exceptions. 

The mechanical properties of each test 
bar were determined and correlated with 
the porosity index. This was done for each 
alloy in the as-cast, solution-heat-treated, 
and solution-heat-treated and aged condi- 
tions. Approximately 70 bars were used 
in each of the 12 cases, all six types of 
castings being represented in each group 
of 7o bars. The results are plotted in 
Figs. 4 through 27. Each point represents 
the results obtained from a single test 
bar. Some bars contained small oxide 
inclusions at the fracture and are dis- 
tinguished on the graphs by a ‘‘? ” point. 
A portion of the fractured tensile bars was 
compared with the radiographs to demon- 
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strate that fracture occurred at the location 
of the most severe microporosity. 


RESULTS 


Definite differences exist in the response 
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In Figs. 4 through 27, porosity indices 
less tlan 0.02 indicate no visible porosity, 
in most cases. The porosity index does 
not quite reach zero, probably because of 
segregation in the casting and unevenness 


Fic. 3.—ScANNING APPARATUS. 


A. Window into photoelectric cell. 
B. Guide for films of test bars. 
C. Light source. 


of the various alloys to equivalent amounts . 


of microporosity, as determined radio- 
graphically. As an example, if a porosity 
index of o.1 is assumed, H alloy, solution- 
heat-treated, will possess an ultimate 
tensile strength figure of 20,750 lb. per 
sq. in., whereas A8 alloy will possess an 
ultimate tensile strength of 14,000 lb. 
per sq. in. in a similarly heat-treated 
condition. As shown in Table 1, the ulti- 
mate tensile-strengths of H and A8 alloys 
are similar when determined on sound 
bars. It may be stated, after a comparison 
of Figs. 4 through 27, that the presently 
used American alloys can tolerate a greater 
amount of microporosity and still retain 
their high mechanical properties than can 
the comparable European alloys. 


D. Amplifying and density measuring instrument. 
E. Voltage stabilizer for light source. 


of film development. The initial rapid 
diminution of ultimate tensile strength 
is probably due to the strong notch effect 
of the first few voids. 

Grain diameters were measured on all 
melts poured and were found to be in the 
neighborhood of 0.006 inches. 


SUSCEPTIBILITY TO MICROPOROSITY 
Procedure 


Only two of the six types of test castings 
(Fig. 1) are considered in this section. 
These consist of the horizontal castings 
having no risers and those having a riser 
over the center. These castings were sec- 
tioned into eight equally spaced parallel 
test bars numbered 1 through 8, No. 1 
being at the gate end. The porosity indices 
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Porosity index 
Fic. 4.—ULTIMATE STRENGTH VS. POROSITY INDEX, H ALLOY AS CAST. 
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Porosity index 
Fic. 5.—ULTIMATE STRENGTH VS, POROSITY INDEX, H ALLOY SOLUTION-HEAT-TREATED. 
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Fic. 6.—ULTIMATE STRENGTH VS. POROSITY INDEX, H ALLOY, SOLUTION-HEAT-TREATED AND AGED. 
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Porosity index 
Fic. 7.—ULTIMATE STRENGTH VS. POROSITY INDEX, C ALLOY AS CAST. 
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Fic. 8.—ULTIMATE STRENGTH VS. POROSITY INDEX, C ALLOY, SOLUTION-HEAT-TREATED. 
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Ultimate strength, psi-x 10° 
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Porosity index 


Fic. 10.—ULTIMATE STRENGTH VS. POROSITY 
INDEX, A8 ALLOY AS CAST. 
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Fic. 11.—ULTIMATE STRENGTH VS. POROSITY 
INDEX, A8 ALLOY SOLUTION-HEAT-TREATED. 
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of the No. 1 test bars were averaged for 
each of the four alloys and two types of 
castings. The remainder of the bars, 2 
through 8, were treated in the same 
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Porosity index 
Fic. 12.—ULTIMATE STRENGTH VS. POROSITY 


0 0.05 


INDEX, A8 ALLOY, SOLUTION-HEAT-TREATED 


AND AGED. 


manner. Thus there were obtained two sets 
of eight average porosity indices for each 
alloy, representing the worst porosity 
conditions found in transversing each of 
two types of castings. These data are 
plotted as a function of the test-bar num- 
bers, or location in the casting, to obtain 
the porosity survey curves shown in 
Figs. 28 and 29. 

The number of castings and melts 
represented in the averages is shown in 
Table 2. 


RESULTS 
It is apparent from Figs. 28 and 29 that 


H alloy is considerably more susceptible 
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Porosity index 
Fic. 13.—ULTIMATE STRENGTH VS. POROSITY INDEX, AZgI ALLOY AS CAST. 
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Fic. 14.—ULTIMATE STRENGTH VS. POROSITY INDEX, AZgI ALLOY, SOLUTION-HEAT-TREATED. 
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Fic. 15.— ULTIMATE STRENGTH VS. POROSITY INDEX, AZoI ALLOY, SOLUTION-HEAT-TREATED AND 
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Fic. 16.—YIELD STRENGTH VS. POROSITY INDEX, H ALLOY AS CAST. 
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to microporosity than is C, and that A8 
and AZor alloys are the least susceptible, 


being nearly equal in their response. 


Yield strength, p.s.i. x 107° 


0) 
0) 0.05 0.10 0.15 
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are believed to have relegated variations 
in dissolved gases between melts to a minor 
factor. 


0.20 


Porosity index 
Fic. 17.— YIELD STRENGTH VS. POROSITY INDEX, H ALLOY, SOLUTION-HEAT-TREATED. 


Yield strength, p.s.i. x 107> 


0.15 
Porosity index 
Fic. 18.—YIELD STRENGTH VS. POROSITY INDEX, H ALLOY SOLUTION-HEAT-TREATED AND AGED. 


It is known that dissolved gases will 
aggravate microporosity in magnesium 
alloys, and consequently shift to some 
degree the measured relative susceptibility 
of the alloys to microporosity. Constant 
adherence to routine foundry procedure 
and use of flux from a sealed container 


0.20 


RADIOGRAPHIC CONTRAST OF FouR 
ALLOYS 


Small differences in zinc and aluminum 
contents of the four alloys exert an appre- 
ciable effect on the radiographic exposure 
time. For this reason it was desired to 
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determine what relative differences in 
radiographic contrast would be obtained 
when X-raying the different alloys. In- 
creasing available contrast, of course, 
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CONCLUSIONS 


The conclusions reached in this paper 
may be briefly stated: 


0.10 
Porosity index 


Fic. 19.— YIELD STRENGTH VS. POROSITY INDEX, C ALLOY AS CAST. 
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Yield strength, ps.i.x 10° 
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Porosity index 


Fic. 20.—YIELD STRENGTH VS. POROSITY INDEX, C ALLOY, SOLUTION-HEAT-TREATED. 


causes a given amount of porosity to 
appear increasingly severe in the radio- 
graph. To supply data on this subject, 
identical step blocks of the four alloys 
were prepared and X-rayed with a proce- 
dure similar to that used for the test bars. 
The results are shown in Fig. 30. The 
differences in radiographic contrast for 
the four alloys is negligible as measured by 
the slopes of the graphs. : 


1. The order of increasing sensitivity 
of the four alloys to the deleterious effects 
of microporosity is as listed in Table 3. 

The omission of the separating comma 
between any two of the alloys indicates 
that the alloys are similar in their response 
to the presence of microporosity. 

2. Small quantities of microporosity 
cause a large decrease of ultimate tensile 
strength. The rate of decrease of ultimate 


340 


Yield strength, p.s.t. x 1079 


0) 0.05 0.10 0.15 0.20 0.25 0.30 
Porosity index 


Fic. 21.—YIELD STRENGTH VS. POROSITY INDEX, Cc ALLOY, SOLUTION-HEAT-TREATED AND AGED. 
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Fic, 22.—YIELD STRENGTH VS. POROSITY INDEX, A8 ALLOY AS CAST. 
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Yield strength, p.s.1.x 10-5 
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Porosity index 


Fig. 23.— YIELD STRENGTH VS. POROSITY INDEX, A8 ALLOY, SOLUTION-HEAT-TREATED. 
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Porosity index 
Fic. 24.—YIELD STRENGTH VS. POROSITY INDEX, A8 ALLOY, SOLUTION-HEAT- 


TREATED AND AGEDs 
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FIG. 25.—YIELD STRENGTH VS. POROSITY INDEX, AZoI ALLOY AS CAST. 
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FIG. 30.—RADIOGRAPHIC CONTRAST OBTAINED ON STEP BLOCKS oF H, C, A8 AND AZor ALLovys. 


tensile strength becomes less as total micro- when each is cast under identical condi- 
porosity becomes greater. Yield strength tions is A8, and AZor, C, and H. Large 
_ decreases linearly with increasing amounts differences exist in the tendency of H, C, 
of microporosity. * and A8 alloys to contain microporosity. 

3. The order of increasing tendency Only a small difference exists between 
of the four alloys to contain microporosity A8 and AZor. 


nd ee a 


: DISCUSSION 


TABLE 2.—Number of Castings and Melts 
Represented in Porosity Survey Curves 


Casting 
Numbe 
Alloy ° ‘ 
Number Heats? 
Type Averaged 
H Horizontal, no riser 13 2 
Cc Horizontal, no riser 22 3 
A8& Horizontal, no riser ai 3 
AZox | Horizontal, no riser 19 4 
H Horizontal, riser over 3 3 
center 
Cc Horizontal, riser over Ge 3 
center 
A8 Horizontal, riser over 3 3 
center 
AZor | Horizontal, riser over 3 3 
center 


« Heats in second half of table are, in most cases, 
the same as those in first half. 


TABLE 3.—Comparative Effect of Micro- 
porosity on Four Casting Alloys 


Order, from 


Order, from 


Left to Right | Left to Right 
of Increasing | of Increasing 
Percentage Percentage 
Condition of Heat- | Reduction of | Reduction of 
treatment Ma aS 
Strengths By | Strength By 
any Given any Given 
Amount of Amount of 
Microporosity Micro- 
porosity 
ISMSCASE Ratios ctc.a7ssioive'= H,C, A8and|H, C, As, 
AZo1 AZotr 
Solution-heat-treated..| H, C, A8 and|H, C, As, 
AZogt AZotr 
Solution-heat-treated |H, C, A8and|H, C, A8, 
and aged......-...- AZo1r AZor 


4. A negligible difference in radiographic 
contrast is obtained when X-raying H, C, 
A8 or AZog1 alloys. 
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DISCUSSION 
(H. Y. Hunsicker presiding) 


R. F. MaranpeE.*—It is very interesting to 
note that Mr. Burns, using a different type 
of test casting, has found practically the same 
porosity tendency relationship between the 
various alloys he has investigated as we have. 


H. Y. Hunstcxer. t—There is one point of 
considerable interest in this paper; that is, 
the attempt the author has made to distinguish 
between two factors that prevail in cast 
metals; (1) the susceptibility of the alloy to 
unsoundness, (2) the effect of a certain degree 
of unsoundness on the mechanical properties 
of the alloy, which might be termed its sensi- 
tivity to unsoundness. The author has shown 
examples of materials in which these two 
factors are to some extent compensating. I 
believe that this is a line of investigation that 
should be pursued more intensively. 


J. D. Hanawatt.{—This paper is one of 
several from various laboratories and the 
groundwork has been pretty well laid for a 
comparison of the alloys with which it deals. 


* The Dow Chemical Co., Midland Mich- 
igan. : 

+ Aluminum Company of America, 
land, Ohio. 

t Director of Metallurgical Department, 
The Dow Chemical Co., Midland, Michigan. 
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Some Properties of Sand-cast Alloys in the Magnesium-rich Corner 
of the Magnesium-aluminum-zine System 


By R. S. Busk* anp R. F. MARANDE* 
(Chicago Meeting, February 1946) 


THE magnesium-aluminum-zince system 
contains most of the magnesium-base 
alloys used commercially, although in 
practice the ternary alloys are usually 
modified by the addition of a small amount 


providing reference material, and to aid 
in the choice of a commercial alloy to 
serve a particular purpose. Detailed, 
critical analysis of the commercial alloys 
has been covered in a previous paper.! 


TABLE 1.—Some Typical Commercial Magnesium Alloys 


Alloy Composition, 
Country Per Cent 
a Dow |Foreign Al Zn | Mn 
A8 A U.S. 8 ° OTS 
Ato G U.S. 10 te) 0.10 
AZ63 H U.S. 6 3 0.15 
AZo2 Cc U.S. 9 2 0.10 
AZ31*| Germany | 3 I 0.3 
AZFe | Germany | 4 3 0.3 
Ago England 8.05) 0.55) O25 
Aro* | Ger.-Eng. | 9.5 | 0.5 | 0.10 


Tensile Properties 


As-cast Heat-treated Aged 
r000 Lb. 1000 Lb. 1000 Lb. 

per Sq. In. per Sq. In. per Sq. In. 

%E %E % E ee. 

Bea) fad BA MSc d ws ie Get [ie A 

5 12 | 30 13 228] -30"| 7 16 | 39 

I 16 | 24 10 14 39 | 2 20 39 

6 14 | 30 12 14 40] 5 19 40 

2 14 | 24 pat) 16 40 | 2 23 40 
8.5 23.8 
7-5 25.1 

10 38 | 4.5 38 

9 38 | 3 38 


@ Taken from Beck.? 


¢ 


of manganese. Table 1 contains the mag- 
nesium-base commercial sand-casting alloys 
most widely used throughout the world, to- 
gether with their typical tensile properties. 

These alloys may be regarded as a 
single family of varying aluminum and 
zinc content, disregarding manganese. 
A concise means of presenting data for 
them is by means of iso-property lines 
plotted on triangular coordinate paper. 

Constitutional, casting, and mechanical 
properties are presented in this manner. 
The data are given with the object of 

Manuscript received at the office of the 
Institute Dec. 1, 1945. Issued as T.P. 2009 in 
METALS TECHNOLOGY, June 1946. 


*The Dow Chemical Company, Midland, 
Michigan. é 


All alloys reported were made in 15-lb. 
melts, superheated to 1700°F. for 15 min., 
cooled to 1400°F. and poured in sand 
molds. The test bars produced had a 
1g-in. reduced section and were about 
6 in. long. Except for the data ‘represented 
in Figs. 1 and 3 the alloys used were of 
commercial purity and contained 0.1 to 
0.2 per cent Mn in addition to the alumi- 
num and zinc. 


CONSTITUTIONAL DATA 


Under the heading of Constitutional 
Data are included all known data on con- 


1 References are at the end of the paper, 
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stitutional diagrams, under both equilib- 
rium and nonequilibrium conditions. 


Equilibrium Conditions 


The data for the liquidus temperatures 
ef the Mg-Al-Zn systems are plotted in 
Fig. 1.2 These curves will show the true 
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data represent the temperatures of final 
freezing under equilibrium conditions. 
Since these depend upon complete diffusion 
in the solid state, and this rarely takes 
place, true freezing conditions during 


normal casting are not represented by the 
solidus surface. 


Ar 
WENN S 


WATE TAS 


TEEN a 
HK NIN ANANA 


Fic. 5.—NONEQUILIBRIUM SOLIDUS, DEGREES FAHRENHEIT. SOLIDUS SURFACE RESULTING FROM 
y COOLING RATE OBTAINED IN SAND MOLD. 


condition as long as the liquid composition 
is uniform prior to freezing and there is 
no undercooling. Since the former condi- 
tion usually prevails and undercooling is 
limited to about 2°F.,? Fig. 1 remains true 
during normal casting. 

In Fig. 2 are given the solidus tem- 
peratures for the same composition range. 
- The data for this surface were taken from 
work in the binary systems Mg-Al and 
Mg-Zn,? together with some limited and 
preliminary data within the ternary section 
obtained in the Dow laboratories. The 
surface represented in Fig. 2 must be con- 
sidered as an approximation only. The 


= 


The equitemperature lines for the solidus 
are plotted in Fig. 3.7 More recent data 
obtained in the laboratory of the Dow 
Chemical Co. indicate that the maximum 
solid solubility may not be as great as 
shown by the 662°F. isotherm (Fig. 2). 
This represents the temperature of the 
solid-solubility' surface for the various 
compositions. Even though the data are 
for equilibrium conditions, this surface has 
practical use in precipitation and homo- 
genization heat-treatments. 

The difference in temperature between 
the curves of Figs. 1 and 2 at a given com- 
position is plotted in Fig. 4 to give the 
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equilibrium freezing range. This range is 
narrower than that actually met with -in 
practice because the solidus is always 
depressed in nonequilibrium cooling. 
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genization of the specimen during the 
heating and holding period; however, metal- 
lographic examination of one composition 
confirmed that incipient brittleness and 
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Fic. 6.—NONEQUILIBRIUM FREEZING RANGE, DEGREES FAHRENHEIT. TEMPERATURE DIFFERENCE 
BETWEEN LIQUIDUS AND NONEQUILIBRIUM SOLIDUS. 


Nonequilibrium Conditions 


Fig. 5 shows the pseudo-solidus surface, 
representing the temperature at which the 
last metal solidifies in normal sand-casting 
practice. These data were obtained by 
pulling as-cast test bars at various tem- 
peratures, to determine the temperature 
at which each broke with a brittle fracture. 
The grips of the tensile-testing machine 
were put on a test bar and the bar was 
inserted in a salt bath. A thermocouple 
on the test bar enabled determination. of 
the time to reach the desired temperature. 
After a 1o-min. waiting period at tempera- 
ture, the bar was pulled. This method 
led to results slightly higher than the true 
‘solidus of the piece, owing to some homo- 


fusion occur at the same temperature 
within 5°F. Fig. 5 should be compared with 
Fig. 2, to determine the degree the solidus 
is depressed by nonequilibrium cooling. 

The freezing range in normal sand-cast- 
ing practice is shown in Fig. 6, obtained 
by taking the difference in temperature 
at a given composition between Fig. 1 
and Fig. 2. 

Considerable importance has been at- 


tached to the freezing range of casting 


alloys. Undoubtedly it has an effect on the 
fluidity and the ability to feed. However, 
the relative amounts of liquid and solid 
present at a given distance through the 
freezing range is at least as important 
as the length of the range. 


: 
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CASTING AND HEAT-TREATMENT 
PROPERTIES 


Foundry 


The porosity tendency of the magnesium- 
rich alloys in the Mg-Al-Zn system was 


tendency to be porous than either H or C. 
The low point in the region of Mg + 8 per 
cent Al+ 3 per cent Zn, however, was 
not completely verified when used in 
commercial castings. This composition is 


also difficult to heat-treat, and, con- 
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Fic. 7.—PoROSITY TENDENCY. RELATIVE AMOUNT OF POROSITY OBTAINED IN PANELS CAST UNDER 
CONTROLLED CONDITIONS. 


o = low porosity; 


determined by means of the rectangular 
panel described in a previous paper." 
Two panels were poured for each alloy 
composition and were radiographed. The 
porosity in each set was then rated from 
zero to 5, according to an arbitrary scale 
in which zero designates no radiographic 
porosity while 5 means that the panel is 
porous throughout its entire length. The 
data are plotted in Fig. 7. 

These data have been found to corre- 
late fairly well with foundry experience 
on various alloys. For example, C alloy 
is less porous in the commercial foundry 
than H alloy, while A alloy shows a lower 


= high porosity. 


sequently, has not been developed as a 
commercial alloy. 

Fig. 7 indicates that the low-zinc alloys 
are quite sound and that the maximum 
porosity tendency is in the region of 4 
to 6 per cent Al and 1.5 to 3 per cent Zn. 
The porosity tendency rises very rapidly 
as small amounts of zinc are added to the 
Mg-Al binary alloys. 

The solid shrinkage of sand-cast Mg- 
Al-Zn alloys is shown in Fig. 8..The data 
were obtained by casting a tapered bar 
48 in. long. The cross section of the bar 
was approximately 134 by 7 in. at the 
large end, tapering down to 34 by % in. 
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at the small end. The gate was at the large 
end of the bar, which was rigidly anchored 
to the flask by casting around steel screw 
stock. The small end was free to move, 
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sarily include the liquid shrinkage of the 
metal. They do have value, however, in 
deciding the relative merits of the Mg-Al- 
Zn alloys where shrinkage is important. 
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TEMPERATURES ASSUMING TWO-HOUR PREHEAT FROM 640° F. TO TEMPERATURE. 


but was also cast around steel screw stock. 
As the cast bar contracted after pouring, 
the free end would move and the shrinkage 
could be read in hundredths of an inch 
on a steel scale located outside the flask. 


- ‘The data of Fig. 8 represent the difference 


in length of the 48-in. bar immediately 
after casting and its length at room 
temperature expressed in hundredths of 
an inch. The shrinkage gradually decreases 
with the addition of both aluminum and 
zinc. These figures cannot be used in 
pattern design because they do not neces- 


This is particularly true where shrinkage 
can induce stresses, as, for example, in 
complicated sand castings, in permanent 
mold castings, in castings containing 
inserts, or in welding. 

The fluidity data of the Mg-Al-Zn 


alloys are plotted in Fig. 9. The data were 


obtained by pouring the various alloys, 
at a temperature of 1400°F., into a con- 
ventional spiral-type fluidity mold.’ The 
numbers represent the length of the’ spiral 
in inches. In general, the alloys containing 
between 1 and 2 per cent Al and 3 to 
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4 per cent Zn show a minimum fluidity. 
Beyond this area the fluidity increases 
with increasing aluminum and zinc content. 


Heat-treatment 


Magnesium-alloy castings are generally 
given a solution heat-treatment to increase 
strength and ductility. It is desirable to 
heat-treat at as high a temperature as 
possible, to facilitate solution of the 
second-phase material. The maximum 
temperature, however, is limited by at 
least two practical considerations: the 
tendency of certain constituents in the 
alloys to melt and. produce voids;® and 
the increased tendency for complex shapes 
to sag as the temperature is raised. Surface 
oxidation is not a factor, because of the 
use of a 1.0 per cent SO2 atmosphere. 

The heat-treating temperature is chosen 
just below the point where neither melting 
of the second phase (burning) nor excessive 
sagging will occur. The temperature at 
which melting of the second phase takes 
place for a given nominal composition is 
influenced by the degree of segregation. 
Therefore, it is necessary to preheat below 
the final heat-treating temperature to 
partly homogenize the metal and thus 
raise the temperature at which melting 
will occur. Incipient fusion will occur at 
some temperature between the equilibrium 
solidus as given by Fig. 2 and the non- 
equilibrium solidus as given in Fig. 5s. 
The exact point depends upon the amount 
of preheat that can be given economically. 
Usually this is considered to be about 2 hr., 
extending over the range of so00°F. to the 
final heat-treating temperature. This period 
of time was selected in obtaining the data 
for Fig. to. 

The other limiting factor, sagging, was 
determined by loading a test bar as a 
cantilever beam and noting the amount 
of permanent set that occurred after 
15 hr. at temperature. Production ex- 
perience has shown that the sagging of 
C alloy at 770°F. is about the maximum 
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that can be conveniently tolerated. There- 
fore, the permanent set obtained in the 
cantilever test with C alloy at 770°F. 
was taken as the limiting figure. 

The maximum heat-treating tempera- 
tures, considering the two limiting factors 
of incipient fusion and sagging, are given 
in Fig. to. It is evident that zinc lowers 
the maximum heat-treating temperature, 
while additions of aluminum raise it. 

Comparing Fig. 10 with Fig. 5, it will 
be found that the maximum heat-treating 
temperatures in the central portion of the 
figure tend to be slightly higher than the 
nonequilibrium solidus. On the other 
hand, the heat-treating temperatures in 
both the low aluminum and the high- 
aluminum regions of Fig. 10 are below 
the incipient fusion point as given in Fig. 5. 
This may be explained by the fact that 
sagging is the limiting factor for the heat- 
treating temperature of the alloys contain- 
ing small amounts of aluminum, while 
with high amounts of aluminum (plus 
zinc) the preheat does not appreciably 
lower the incipient fusion temperature. 

The subject of germination or excessive 
grain growth during heat-treatment is 
completely covered in a previous publica- 
tion.’ It is shown there that germination, 
as determined by the test used, is restricted 
to a limited region, defined roughly by the 
triangle Mg + 8.5 per cent Al, Mg + 13 
per cent Al, and Mg+ 8.5 per cent 
Al+ 3 per cent Zn. Even within this 
region germination can be avoided by 
proper use of gates, risers, and chills, and 
by use of a special heat-treatment.” 


MECHANICAL PROPERTIES 


Room-temperature tensile properties 
were obtained on bars in the as-cast; 


he Ca. ow te 


heat-treated; heat-treated, air-cooled and _ 
aged; and heat-treated, quenched and aged ~ 


conditions. In addition, the properties at 
300°F. were measured for bars in the. heat- 
treated, air-cooled and aged condition. 
Testing was done on unmachined con- 
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~ ventional test bars cast to size. The proper- 
ties of four bars were averaged for each 
point. Heat-treatments were at the tem- 
peratures specified in Fig. 1o for a suf- 
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strength in the solution-heat-treated alloys 
is obtained in the upper portion of Fig. 16. 

Comparison of the as-cast with the heat- 
treated properties shows no improvement 
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Fic. 11.—PERCENTAGE ELONGATION IN 2 INCHES AT ROOM TEMPERATURE. AS CAST. 


- ficient number of hours in each case to 
effect good solution. Aging was uniformly 
for 15 hr. at 350°F. 


ag Room Temperature 


All the data in the as-cast, solution- 
heat-treated, and solution-heat-treated and 
aged conditions are given in Figs. 11 to 
19, inclusive. In the as-cast state both the 
elongation and tensile strength have a 
maximum at about 4 to 6 per cent Al and 
o to 1 per cent Zn. The yield strength in 
the as-cast state increases uniformly with 
the addition of aluminum and zinc. 

In the solution-heat-treated state the 
maximum for percentage of elongation 
has been spread to include 4 to 9 per cent 
_ Aland o to 2 per cent Zn. Maximum tensile 


after heat-treatment in alloys with less 


than 4 per cent total alloy content. Heat- 
treatment does not appreciably change 
the yield strength. 

Aging after solution heat-treatment has 
little effect on alloys below a total alloy 
content of about 5 per cent except for the 
binary zinc alloys, in which a definite effect 
is noticed at about 4 per cent Zn. The elon- 
gation is lowered and the yield strength is 
raised considerably by aging after solution 
heat-treatment. There is a slight tendency 
for the tensile strength to be higher after 
aging than before. 

The yield and tensile-strength data on 
alloys heat-treated, quenched,* and aged 
are given in Figs. 20 and 21, respectively. 
The maximum yield is obtained around 12 
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Fic, 18.— YIELD STRENGTH AT ROOM TEMPERATURE, 
TREATED AND AGED. 
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per cent Al and o to 2 per cent Zn, 
while the maximum tensile strength occurs 
between 8 and 1o per cent Al, and 1 to 
2.5 per cent Zn. It should be noted that for 
the alloysimproved by aging, both the yield 
and tensile strengths are raised consider- 
ably by the quenching and subsequent 
aging treatment compared with the nor- 
mal air cooling and aging treatment. The 
percentage elongations for quenched and 
aged alloys are so nearly the same as for 
air-cooled and aged alloys that no additional 
figure is presented. 


At 300°F. 


For testing at 300°F., the test bars were 
surrounded by a small resistance-type 
furnace and held at 300°F. +2°F. They 
were heated to testing temperature, held 
for 14 hr. and pulled. Alloys were tested as 
heat-treated and aged, since this is the 
most stable of the commercial conditions 
at the testing temperature. Tests have 
shown that normal aging causes 80 per cent 
of the expansion due to precipitation that 
will occur at 300°F. The properties at 
300°F. of the Mg-Al-Zn alloys in the heat- 
treated and aged condition are given in 
Figs. 22-25, inclusive. The elongations in 
general are higher at 300°F. than at room 
temperature. At 10 and 2 per cent Zn the 
elongation drops to 2 per cent, which is 
approximately that found in the heat- 
treated and aged alloys at room tempera- 
ture. Fig. 22 shows two regions of maximum 
elongation, one at about 2 per cent Al, the 
other at about 6 per cent Al and 2 per cent 
Zn. 

The yield strengths given in Fig. 23 have 
decreased because of the temperature rise 
to a point where they are about equal to the 
values for solution-heat-treated bars. 

The maximum tensile strength at 300°F., 
as shown in Fig. 24, occurs at about 7 per 
cent Al and 2 percent Znas compared with 
the maximum room-temperature tensile 
strength occurring at about 9 per cent Al 
and 2 per cent Zn. s 
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The Brinell hardness at 300°F. as shown 
in Fig. 25 shows no maximum or minimum 
points. The hardness gradually rises with 
increasing alloy content. 


DISCUSSION OF RESULTS 


A recent publication® has presented in- 
formation on the tensile properties and 
porosity characteristics for the same system 
of alloys covered in this paper. The data on 
porosity tendency agree well with the re- 
sults reported here, while those for tensile 
properties are consistently lower. Two 
differences in technique may account for 
this. The English work was concerned with 
the true ternary alloys, while that re- 
ported in this paper was on alloys contain- 
ing a few tenths of a per cent of manganese. 
In addition, the test bar used by Fox was 
the standard English type of bar (D.T.D. 
specification for sand-cast test bar) which 
produces consistently lower tensile proper- 
ties than the design used in this country. 

The commercial alloys listed in Table 1 
can be evaluated in the light of the data 
presented. As pointed out earlier, the alloys 
now in use should be regarded not as 
individual alloys but as members of the 
Mg-Al-Zn system with a small amount of 
manganese added. Therefore, many of the 
properties are interdependent and _ all 
change in a gradual manner from one alloy 
to another. 

On the basis of tensile strength, the 
casting alloys, H, C, A, G, Ag, and Aro 
fall either within, or very close to, the maxi- 
mal limits defined in Figs. 16 and 19 for 
the heat-treated, and heat-treated and 
aged states, respectively. The AZ31 and 
AZF alloys, on the other hand, take 
advantage of the maximum ductility 
and tensile strength to be found in the 
as-cast state as shown in Figs. 12 and 14, 
respectively. 

Within the group of heat-treatable 
alloys—namely, H, C, A, G, Ag, and Aro— 
a further choice can be made based on 
porosity tendency; ease of heat-treatment, 
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germination tendency, and possibly fluidity 
and shrinkage. 

The low-zinc alloys such as A, G, Ag, 
and Aro, show a lower porosity tendency 
than the higher zinc alloys as indicated 
in Fig. 7. C alloy is somewhat of a com- 
promise between the low-zinc and _ high- 
zinc alloys in respect to porosity tendency. 

H alloy has the advantage of greater 
ease of heat-treatment (i.e., shorter time 
at the heat-treating temperature) than the 
alloys with a greater total alloy content. 
H alloy also has the advantage of being 
outside the germination range. 

Other considerations, such as corrosion 
resistance and toughness, which have not 
been covered in this paper but which have 
been discussed in a previous publication,? 
may also influence the choice of an alloy. 


SUMMARY 


Comprehensive data have been pre- 
sented on various properties of magnesium- 
rich sand-cast Mg-Al-Zn alloys. The data, 
which have been presented in graphical 
form, include constitutional, casting, and 
mechanical properties. 

The various graphs show optimum prop- 
erties at different compositions. It is, 
therefore, necessary to select a particular 
alloy composition that will include the de- 
sired properties for a particular application. 
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DISCUSSION 
(J. D. Hanawalt presiding) 


R. J. RaupEBAuGH.*—I should like to ask 
the speaker if he would describe the method 
used in casting the porosity test piece. 


R. F. MARANDE (author’s reply)—The 
reference given in the body of the paper quite 
thoroughly discusses the type of panel used in 
the porosity measurements. A sketch showing 
the dimensions of this panel is reproduced 
here (Fig. 26). In this work the panel was 
attached to the regular test-bar pattern and 
poured with the test bars. The gate was cut 
off flush with the long section of the panel, 
giving a bar 1014 in. long by 14 in. wide to 
be radiographed. 


H. Y. Hunsicker.t—Have you been able to 
draw any sort cf correlation between the sus- 
ceptibility to the unsoundness and the solidifi- 
cation temperature range in this particular 
series of alloys under the nonequilibrium 
solidification condition? 


R. F. MAranprE.— There has been some dis- 
cussion in the literature on this subject and we 
have given it considerable thought. However, 
it is difficult to explain the maximum and 
minimum points found in the porosity study 
on the basis of the length cf the solidification 
range because the latter increases in a regular 
manner with increasing alloy content. It is 
quite probable that the solidification range is 
not the only governing factor. The proportions 
of liquid and solid present at a given point in 
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Rochester, Rochester, New York. vo 
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the solidification range may also have some 


effect. 


5. R. Lonc.*—I’d like to ask the authors to 
explain the test bar a little more fully—that is, 
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sents a useful contribution to our fundamental 
and technological knowledge of the magnesium- 
rich portion of the magnesium-aluminum-zinc 
system. The authors should be commended 


Fic. 26.—DIMENSIONS OF PANEL. 


the mold, and so on—and also define what 
they mean by yield strength. 


R. F. Maranpe.—The test bars were cast in 
a sand mold containing either four or six bars. 
The bars are about 6 in. long, with a reduced 
section 244 in. long and 14 in. in diameter. 

The yield strength is defined as the stress at 
the point where the stress-strain curve deviates 
0.2 per cent from the modulus line. It is meas- 
ured by determining the stress at 0.5 per cent 
elongation under load. This value is converted 
to the defined yield strength by an empirical 
relationship. The error in this method is about 
plus or minus 500 lb. per sq. inch. 


L. A. CaRAPELLA.{—This investigation, by 
its scope and painstaking character, repre- 
* Bureau of Mines, Salt Lake City, Utah. 


+ Metallurgist, Mellon Institute of Industrial 
Research, Pittsburgh, Pennsylvania. 


for the wealth of information they have 
supplied. 

The over-all treatment is, of course, concise, 
but there are a few instances where brevity 
of experimental details might render certain 
information somewhat misleading. Particular 
reference is made to both the fluidity and 
Brinell hardness tests, concerning which I 
should like to discuss and supplement in the 
light of work we have done at Mellon Institute. 

According to the authors, a conventional 
spiral-type fluidity mold was employed for 
their fluidity test, reference being made to a 
publication by Saeger and Krynitsky.° The 
pattern for the spiral fluidity test mold, as 
developed at the Bureau of Standards by the 
latter authors, was designed so that the molten 
metal in the pouring basin was fed down the 
center of the mold and to the outermost point 
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on the spiral by means of a horn gate.* Special 
attention is directed to this feature because 
our experience with the originally designed 
pattern has revealed that with magnesium and 


. - . 


ee Ser g 


ers 
oe 


Ts 7, A 


ens 
- . 


be SPIRAL oS 


PROPERTIES OF SAND-CAST ALLOYS IN MG-AL-ZN SYSTEM 


tion by Carapella and Shaw.!° The spiral 
fluidity curves for magnesium and a number of 
its alloys in the sand-cast condition are shown 
in Fig. 28. The difference between tests made on 
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Fic. 27.—SCHEMATIC DRAWINGS OF A MODIFIED BUREAU OF STANDARDS SPIRAL FLUIDITY TEST 
PATTERN, 


its alloys a better sensitivity is gained by 
omitting the horn gate and moving the down- 
gate to the position shown in Fig. 27. The 
details of the modified pattern and data to be 
presented have appeared in an earlier publica- 


*Our fluidity test pattern, designed after 
the one of Saeger and Krynitsky, was pur- 
chased from Harry W. Dietert Co., Detroit, 
Michigan. 


the A.S.T.M. 4X (AZ63X) alloy, with and 
without the horn gate, is illustrated also in 
this figure. Another feature to be noted here 
is the linearity of the data over the range 
investigated. 
Along with the relative spiral fluidity per- 
10, A. Carapella and W. E. Shaw: The 


Fluidity Performance of Magnesium Alloys. 
Light Metal Age (Nov. 1945) 3, 35. 
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formance of magnesium and its alloys, a com- 
parison between our results and those of the 
authors is made in Table 2. It appears there- 
from that the authors might have employed 
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about a 5-in. spiral flow at 1400°F. compared 
with their value of 25 inches. 

Another ‘fact concerning these tests as 
applied to magnesium alloys is that the venting 


1400 


1SOO°F. 


—_—_— —_—— 
o 
TEST WITH HORN GATE 


750 800°C 


POURING TEMPERATURE 
Fic. 28.—SpIRAL FLUIDITY CURVES FOR MAGNESIUM AND ITS ALLOYS IN SAND MOLDS. 


a modified pattern similar to the one given in 
Fig. 27, instead of the original pattern with 
the horn gate as implied by their scurce of 
reference. Should this inference be contrary to 
actuality, we would appreciate learning more 
about the authors, pattern design and exper- 
imental procedure for conducting this test, 
because our data with the horn gate demon- 
strated A.S.T.M 4X(AZ63X) alloy to have 


of molds at the end of the spiral, as suggested 
by Saeger and Krynitsky, is unnecessary, for 
the green-sand permeability of around too to 
160 is sufficient to permit an easy escape of 
generated gases without affecting the fluidity. 
One of the most important variables in our 
tests was the pouring technique. The manner 
with which the pouring basin was filled and 
the speed with which the metal was poured had 


TABLE 2.—Relative Spiral Fluidity Performance of Magnesium and Its Alloys 


Pouring Temper- - Spiral Length for 1400°F. 
So Be ature for a 25-in. Pa ee (760°C.) Pouring Tem- 
At Spiral Length 200°F perature, In. 
Alloy Type (111°C. ) 
I Bee e ge UOC Gss ccilam [abenicvend 
In. per|In. per uidus Tem- arapella usk an 
Deg. F. | Deg. C. Deg. F. | Deg. C. perature, In.| and Shaw Marande 
Pure magnesium.......... 0.072 |° 0.13 1274 690 34 34 30 
A.S.T.M. 4X(AZ63X)..... 0.083 | 0.15 I400 760 y 19 25 25 
A.S.T.M. 8X(AZ61X)..... 0.083 | 0.15 1430 T77 17 22 19 
SIM TX (MX) eretene 0.083 0.15 1270 688 35 36 
A.S.T.M. 17X(AZo2X)....} 0.095 One, 1310 710 24 33 30 
Mg + 2% Si(S2X)........ 0.095 0.17 I4t4 768 33 24 > 
Mg + 6% Al(A6X)....... 0.083 0.15 1463 795 17 20 2314 
Mg + 8% Al(A8X).....-. ‘0. 061 0.11 1346 730 23 28 1834 
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considerable influence on the results. The 
initial overflow of molten metal from the basin 
into the downgate had to be continuous and 
rapid; otherwise, any splashover into the down- 
gate from poor technique would retard the 
flow. Contrariwise, very slow pouring would 
cause an appreciable drop in the metal tem- 
perature, thereby producing low fluidity values. 
With proper pouring, our results from a num- 
ber of test runs on a given alloy for a related 
pouring temperature rarely exceeded one inch 
from the average value. Of all the foundry 
methods used to ascertain the relative casta- 
bility of metals, we feel the spiral fluidity test 
is superior; and for most nonferrous metals, we 
recommend the modified Bureau of Standards 
spiral fluidity test pattern. 

The presentation of Brinell hardness values 
at 300°F. for alloys in the heat-treated and 
aged condition provides some interesting data, 
but the room-temperature values should have 
been included also for comparison. Further- 
more, these hardness values would yield more 
significance if the load duration were indicated 
along with the testing load and ball diameter. 
That load duration has a profound influence on 
the Brinell hardness of magnesium has been 
revealed in our recent investigation of factors 
affecting hardness.!! Some of our unpublished 
data are set forth in Table 3 to point out the 
effects of load duration on the Brinell hardness 
of magnesium under several testing loads. Of 
importance is the fact that all listed Brinell 
numbers were calculated from impression 
diameters having d/D values within the 
specified limits of 0.25 and 0.6.* Therefore the 
Brinell hardness numbers for magnesium at 
room temperature may rightfully vary; for 
example, between 27 and 41. This condition 
clearly illustrates that hardness thus measured 
is not a fixed parameter by which to define the 
physical state of the material, but, instead, is a 
measure of the inherent nature of the metal per 


11L, A. Carapella and W. E. Shaw: Factors 
Affecting the Technical Hardness of Magnes- 
ium, (On press.) 

* These limits have been specified to over- 
come the shortcomings of the Brinell test at 
higher loads or at greater impression diameters, 
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se and the extent of plastic deformation sus- 
tained during test at room temperature. At 
elevated temperatures the load-duration factor 
becomes much more important, for plastic 
flow rates are greatly augmented. Conse- 
quently, to attach any definite significance to 
Brinell hardness numbers, it is imperative to 
state the necessary testing variables, such as 
ball diameter, load, time, and temperature; 
accordingly, H1o/s00/190 = 34-8 (at room 
temperature). 


R. F. MAaranpE.—Mr. Carapella is correct 
in pointing out that the spiral fluidity test 
mold-used by Saeger and Krynitsky has been 
modified for use with magnesium and magne- 
sium alloys. In the modified version the down- 
gate connects with the outside of the spiral 
and the horn gate is eliminated. It was the 
modified fluidity mold that was used in this 
work, 


TABLE 3.—Brinell Hardness Values at 
Room Temperature for Extruded Mag- 
nesium Rod, Average Grain Size 0.0010 


Muiullimeters 
F Testing Load, Kg. 
Load Dura- 
tion, Sec. 

250 500 750 1000 

15 33.4 37.8 40.6 40.8 

30 33.2 37.0 39.7 40.1 

60 <b ee 36.1 38.6 39.5 

120 30.0 35.2 38.1 38.7 
180 29.4 34.8 37.5 38.4 
300 28.7 34.1 37.0 37.8 
600 a7 47 $3.3 360.2 Et Ae 
1000 47.2 32.8 3527, 36.7 


We agree with Mr. Carapella’s results con- 
cerning the linear relationship between fluidity 
as measured by the spiral test mold and the 
temperature. However, we do not feel that this 
spiral test can be used entirely to predict the 
relative castability of magnesium alloys in 
the sand foundry because the term castability 
includes such factors as freedom from cold 
shuts, cracking and draws.. 

The load duration of the Brinell hardness 
determinations was 30 seconds. 
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Preparation and Properties of Ductile Titanium 


By R. S. Dean,* J. R. Lonc,{. F. S. Wartman{ ann E. L. ANDERSON} 
(Chicago Meeting, February 1946) 


T1TANIuM has been estimated to com- 
prise about 0.65 per cent of the earth’s 
crust and ranks fourth in abundance among 
the metallic elements suitable for engineer- 
ing uses. In spite of this, applications of 
titanium for structural purposes have not 
as yet been developed. Its commercial ex- 
ploitation has been largely confined to the 
chemical industries and the production of 
paints and pigments; no doubt because of 
the difficulties that lie in the way of pre- 
paring the pure ductile metal. Published 
reports, however, indicate that ductile 
titanium can be prepared and possesses 
some unique properties. This, together 
with the occurrence in this country of 
several important titaniferous deposits, has 
led the Bureau of Mines to investigate 
processes for the production of metallic 
titanium, methods required for its fabri- 
cation, and the properties that may be pro- 
duced in this interesting metal. 


MetrHops OF PREPARING METALLIC 
TITANIUM 


_ Many early investigators claimed to 
have isolated metallic titanium; but in the 
light of present knowledge, it seems that 


Manuscript received at the office of the 
Institute July 26, 1945. Issued as TP. 196r in 
METALS TECHNOLOGY, February 1946. 

Published by permission of the Director, 
Bureau of Mines, U. S. Department of the 
Interior. 

* Assistant Director, Bureau of Mines, Uns: 
Department of the Interior, Washington, D. C. 

+ Metallurgist, Bureau of Mines, Salt Lake 
City Division, Metallurgical Branch, Salt Lake 
City, Utah. ‘ 

t Metallurgist and Chemist, respectively, 
Bureau of ines, Boulder City Division, 
Metallurgical Branch, Boulder City, Nevada. 


they really had produced various mixtures 
of carbides and nitrides that have a metallic 
appearance but are brittle, hard, and 
unworkable. The. first metallic titanium 
pure enough to be malleable when cold was 
produced by Hunter! in the early part of 
the twentieth century. Kroll,? van Arkel,? 
and Fast,4 subsequently confirmed the 
facts that pure titanium is a ductile metal 
and that small amounts of impurities 
were responsible for previous reports of 
brittleness. 

When heated, titanium reacts chemic- 
ally with various gases, such as hydrogen, 
oxygen and nitrogen; if the volume of gas 
thus absorbed is too great, the metal be- 
comes brittle and unworkable. The prin- 
cipal difficulty in making ductile titanium 
is prevention of such contamination, and 
the success of a given process may be 
judged by the completeness with which it 
solves this difficulty in a practical manner. 

Of the gases mentioned, hydrogen is the 
least objectionable, since its absorption by 
the metal is completely reversible and, al- 
though dimensional changes occur and 
absorption of hydrogen embrittles the 
metal, the gas may be removed readily by 
heating in a high vacuum for a short time. 

On the other hand, the absorption of 
oxygen or nitrogen results in the formation 
of permanent solid solutions of the oxide 
and nitride, which cannot be decomposed 
by the strongest reducing agents? with 
sufficient completeness to restore the in- 
herent ductility of the metal. Because of 


1 References are at the end of the paper, 
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this, it has thus far been possible to prepare 
ductile titanium only in an environment 
substantially free from nitrogen, oxygen 
and the compounds of either. 

Two methods of producing metallic 
titanium pure enough to be ductile at room 
temperature are available at present. One, 
developed by Van Arkel and co-workers**.5 
at the Philips’ works in Holland, involves 
thermal decomposition of titanium iodide 
on a heated surface, whereby metallic 
titanium is deposited on the surface and 
iodine is liberated as a gas. This technique 
gives titanium that contains a minimum of 
dissolved gas and is therefore quite ductile, 
but it suffers from three defects. In the first 
place, it is essentially a method of purifi- 
cation rather than production, since low- 
grade metallic titanium is required as a 
raw material; second, it would be quite 
difficult to adapt the technique to large- 
scale production; and third, the metal is 
produced in pencil-shaped rods, which 
cannot be melted into larger lots without 
contamination. 

The other method involves reduction of 
titanium tetrachloride by a more active 
metal and yields titanium in a granular or 
powdered form more readily adapted to 
subsequent consolidation. The Hunter? 
process uses sodium and the Kroll® process 
fused magnesium. After considering vir- 
tually every process proposed for the 
production of metallic titanium and inves- 
tigating the Van Arkel, Kroll, electrolytic, 
and several other processes, it was con- 
cluded that the Kroll process was the most 
practical for large-scale operations. 

Briefly, this process consists of the re- 
duction of titanium tetrachloride with 
magnesium at a temperature of about 
800°C. The reaction mixture, consisting 
of titanium, magnesium chloride, and un- 
reacted magnesium, after cooling, is 
crushed and leached. The resulting granular 
titanium is ground wet, releached to 
remove the magnesium, dried, and con- 
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solidated by powder methods or by a special 
arc process. 


EXPERIMENTAL WORK 


A diagrammatic sketch of the apparatus 
used in the preliminary studies is shown 
in Fig. 1; the details, functions, and its 
various parts are self-explanatory. 

The weight of titanium produced per 
batch is determined by the size of the 
reduction pot, which at first was about 
114 in. in diameter and 2 in. high. This, 
although small, was sufficient for the 
initial purpose. The Kroll technique was 
followed, except for the method of cleaning 
and preparing the reduction chamber for 
each run. This procedure consisted of heat- 
ing the reduction chamber to a temperature 
of about 500°C. in an atmosphere of hydro- 
gen, completely reducing any iron oxide 
present, then replacing the hydrogen with 
helium that had been purified previously 
by passing over activated charcoal cooled 
with liquid air. 

The chamber was then loaded with care- 
fully cleaned pieces of magnesium, evacu- 
ated, filled with purified helium, and heated 
to about 750°C. by induction. After reach- 
ing the proper temperature, the titanium 
tetrachloride was allowed to drip onto the 
molten magnesium in the reaction chamber. 
During the addition of titanium tetra- 
chloride, the temperature was allowed to 
rise gradually to about tooo°C., usually 
reaching this point at the time that all of 
the titanium tetrachloride had been added. 
On completion of the run, the pot was 
allowed to cool with its contents protected 


from oxidation by the helium atmosphere. — 


The reaction mass was then dug out of the 
pot, mixed with cold dilute hydrochloric 


i ———=- 


acid, ground, and releached to obtain a — 


minimum of residual magnesium. On this 
first apparatus, the titanium yield was 
about 70 per cent and the magnesium 
efficiency about 60 per cent. 

The titanium powder produced was com- 
pacted into small pellets at a pressure of 
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too tons per square inch and sintered at 
1000°C. in a high vacuum. After this treat- 
ment the compacts were usually malleable 
enough to withstand considerable cold 
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found both necessary and desirable. One 
of these was the use of an unlined iron pot 
instead of the molybdenum-lined pot 
initially used. Difficulties caused by molten 


DRYING TUBE 
Ticl, SUPPLY 
a 
53 
=} 
a 
oO 
a 
S 
is 
e a4 
VALVES FLOW INDICATOR 
HELIUM FROM TANK rie l 
iF | MERCURY SEALED GAS 
3 HOLDER FOR PURIFIED 
2 HELIUM 
= LEAD SEAL 
oO 
{=} 
fs c 
ml E REACTION CHAMBER 
= ° 
3 qa 
rs 
ATIN 
DRIER EATING COILS 
ACTIVATED ALUMINA” au pip 
MOLYBDENUM LININ MAGNESIUM 
Zz SILICA TUBE 


Fic. 1.—APPARATUS FOR SMALL REDUCTIONS. 


deformation. Some ofthese pellets were 
rolled into strips 0.027 in. thick with inter- 
mediate annealing after about 20 per cent 
reduction in thickness with a final cold re- 
duction of so per cent. The cold-worked 
strip was found to have a tensile strength 
of 101,000 lb. per sq. in. and a Rockwell 
hardness of 85 on the 30-T scale. When 
fully annealed, the strength dropped to 
81,500 lb. per sq. in. and the hardness to 68. 

These preliminary tests on the properties, 


combined with amenability to cold defor- 


mation, were sufficiently encouraging to 


justify considerable expansion in the scale _ 


of the work, and the size of the reduction 
apparatus was increased stepwise to a pot 
size capable of producing r5 lb. of titanium 
per batch. 

In the course of this expansion, various 
changes in apparatus and technique were 


material getting between the pot and the 
lining, and the lack of a satisfactory means 
of lining the larger pots, led to trial runs 
without the lining. The titanium produced 
in these runs was found to be quite satis- 
factory, and as long as the temperature did 
not rise much above 900°C. in the course of 
the run, the finished powder could be held 
to less than o.1 per cent iron. Higher re- 
action temperatures resulted in a decided 
increase in the iron content of the final 
powder. This use of unlined pots accord- 
ingly restricted temperature to the nar- 
rower range of 750° to goo°C. Purification of 
tank helium also became impracticable for 
the large apparatus and, although tank 
helium contains about 1.5 per cent nitrogen, 
it was possible to use it directly without 
purification, since the helium atmosphere 
in the reduction chamber is static and the 
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limited quantities of nitrogen thus intro- 
duced with the helium would not be 
enough to cause appreciable harm to the 
titanium. 
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hydrogen, to reduce the oxide formed on ~ 


the interior surfaces by the welding. After 
cooling, 20 lb. of carefully cleaned mag- 


nesium ingots was introduced through the 
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FIG. 2.—REDUCTION UNIT FOR I5-POUND RUNS. 


The apparatus finally adopted for the 
15-lb. runs is shown diagrammatically in 
Fig. 2. The pot, 12 in. in diameter and 14 
in. high, was made from 12-in. pipe with 
3-in. plates welded on the ends. The in- 
side surfaces of the pot were carefully 
cleaned by pickling in dilute HCl, scraping, 
and finally polishing with an emery cloth. 
The cover was then welded on and the 
assembly heated to 500°C. while filled with 


inlet tube and the assembly heated to 
150°C., evacuating to a pressure of about 
0.005 mm. mercury to remove absorbed 


magnesium charge. Tank helium was next 
introduced, allowing the pressure to build 
up to slightly above atmospheric, and the 
temperature raised to about 750°C. The 
liquid TiC], was run into the reaction 
chamber, slowly at first and then as 


~. 
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_ gas from the walls of the chamber and the _ 
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__ rapidly as the reaction would permit. The 
reaction of the TiCl, with the molten 
magnesium is exothermic, evolving about 

_ 2780 B.t.u. for each pound of titanium 
produced. This evolution of heat was 
sufficient, after the reaction got under way, 
to maintain the temperature of the cham- 
ber at the desired point without external 

~ heating for about two thirds of the run. 

In the latter portion of the run, no doubt 

because of the lack of magnesium available 

at the reaction surface, the rate of reaction 
decreased, reducing the rate at which TiCl, 
could be added; external heating then be- 
came necessary. The normal practice was 

_ to allow the temperature to rise gradually 

from an initial value of 750°C. to a final 

value of goo°C. and to maintain this tem- 
perature for about 14 hr. after all the TiCl, 

‘had been added. Maintaining the temper- 

ature for this time at the end of the run was 

_ found to increase the size and toughness of 

- the titanium particles in the reaction mass 

and this in turn reduced the proportion of 
very fine material in the product after 
leaching and grinding. During the entire 
run, a slight positive pressure of helium 
was maintained in the reaction chamber by 

_ means of the mercury valve indicated in 

E Fig. 2. 


LEACHING AND GRINDING 


i After. the reaction chamber had cooled 
- it was opened by cutting through the 
welded joint between the wall and the top 

- of the pot. The charge was removed in the 

form of chips by a boring operation on a 

lathe. The greater portion of the magne- 

-. sium chloride and excess magnesium was 

5, then removed from the chips by leaching 

~ with cold HCl. The leaching vessel was 

fitted with an agitator and cooling device, 

and the reaction chips were added at such 
arate that the temperature of the leaching 
liquor did not exceed 25°C. Higher tem- 
peratures appeared to favor the formation 
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2 

= 
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on the titanium particles and produced 


of an undesirable film of oxidized material | 


oS 


hard metal with greatly reduced malle- 
ability. After the first leaching the chips 
were washed, dried, ground to the desired 
size, given a second leaching in ro per cent 
HCl, and then carefully washed and dried 
at room temperature. 

Several methods of grinding were tried. 
The material was easily ground notwith- 
standing the ductility of pure titanium; 
probably because of the absorption of 
hydrogen during the leaching. Initial lots 
from the smaller equipment were ground 
by hand in the steel mortar; later lots. were 
ground in a small hammer mill, operating 
in the atmosphere of helium to prevent 
oxidation of the titanium particles. The 
heat generated by grinding was sufficient 
to set fire to the titanium when ground in 
air. Although the hammer mill worked 
well on this powder, wear was excessive, 
requiring frequent renewal of the screens. 
The final grinding method adopted was 
that of wet grinding in a small ball mill 
with frequent screening to remove the 
undersize particles and reduce the pro- 
portion of minus 200-mesh material pro- 
duced. Although some iron was introduced 
by the grinding, it was readily removed by 
magnetic separation along with that picked 
up while the reaction mass was being bored 
out of the chamber. 


EFFICIENCIES 


The steps through which the size of 
equipment was increased up to that capable 
of producing r5 lb. of finished powder are 
indicated in Table 1, where the pertinent 
data characteristic of each stage are given. 
In general, very little difficulty was expe- 
rienced in increasing the size of equipment; 
in fact, a number of advantages were ob- 
tained. Handling and measuring larger 
amounts of TiCl, were more convenient; 
the larger inlet tubes decreased the labor 
involved in cleaning the surface of the 
magnesium by permitting the use of larger 
pieces, and there was less spattering of the 
reaction mixture on the lids of the larger 
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chambers, decreasing the danger of the 
stoppage of the TiCl, inlet. There was no 
particular improvement in the leaching 
because the size of the leaching equipment 
was not increased commensurately with the 
increased size of the reduction apparatus. 
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of equipment. The figures given are based - 


on the titanium added as TiCl, and the 
amount of usable powder obtained from it. 


The 20 per cent increase in efficiency be- — 


tween the smallest and largest batch is 
gratifying, and the 92 per cent efficiency 


TABLE 1.—Data on Reduction Process 


Size of reduction. pty ins <ic.<c:cicle aeltieisinuersaseisislaieieiaieie 
Temperature ranges, dég. Cosicice ves ccsccs recs ccle 
Marmnesiuim: 119d 5 «04. ait .citeiaents ares tleretein crater ofhrecte 
DICT AAEM. 6.x io.00 4 cle crels ale elalcie Vietemcisevereie treletetris 
sLime..of, TiCls¢ addition; amiti. Jasre series nile era tere ots 
Titanium powder Produced visitors sles aveleieras eeatoeteteuaels 
Ratio Tis TiClac Hors Aue aa ene aesteteetee eee ere en eres 
Percentage of theoretical yield.................--- 
Ratio Tis Megs ites ob ae aoe eae enitia® elaidew 
Reduction efficiency of Mg, per cent............... 


Bureau of Mines Kroll 


6 12 
740-820 | 800-870 |740—-106 
21.5° 6 


oe) 300% 


¢ Grams. 
+’ Pounds, 


The reduction efficiency increased with 
increased scale of reduction but not quite 
to the extent expected. As shown by the 
data of Table 1, the efficiencies, particularly 
those for magnesium utilization, were lower 
than those reported by Kroll. The rather 
low magnesium efficiency usually obtained 
in these reductions has generally been 
neglected. Investigation in these labora- 
tories has shown that some of the mag- 
nesium is held between the grains of de- 
posited titanium much as water is held in 
wet sand. Although no alloying appears to 
be involved, the adhesive forces apparently 
are strong enough to prevent the mag- 
nesium from rising to the surface of the 
reaction mass, where it can come into con- 
tact with excess titanium tetrachloride. 
It is possible to force the magnesium out by 
raising the temperature, but in an unlined 
reduction pot this would increase the iron 
content of the finished powder. The lower 
magnesium efficiencies obtained in this 
work are doubtless due to the lower re- 
action temperature. Other methods of 
increasing the magnesium efficiency are 
being studied. 

The titanium efficiencies are also some- 
what lower than Kroll’s but, as previously 
noted, have improved with increased size 


obtained in thé 15-lb. batch, while quite 
satisfactory, can doubtless be further in- 
creased. However, all the factors involved 
are not controlled by the reduction; some 
titanium is lost in the iron-rich layer 
adhering to the wall of the reaction cham- 
ber, some in the leaching, and some as 
colloidal powder in the wash water. These 
losses may be minimized by close attention 
to the process, and particularly to the 
leaching conditions. 


Propuct Purity AND CONTROL 


Maximum purity of the titanium was 
attained chiefly by control of raw materials 
used in the reduction. Initially, the small- 
scale runs were conducted with carefully 
purified TiCl,. In later work, with a larger 
apparatus, it was found impracticable to 
follow the usual purification procedures 
with the facilities then at hand, and 
chemically pure TiCl, commercially avail- 
able was substituted. Qualitative tests 


indicated both kinds of TiCl, to be quite | 


pure and no differences were noted in the 
titanium produced from either source. 
The magnesium used in the early work was 
redistilled Dow magnesium, but later high- 
grade commercial ingot metal was found 
to be quite satisfactory. 
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The finished powder produced by this 
technique is very similar in appearance to 
iron powder of a like size. Although it is 
somewhat sensitive to temperature during 
the leaching, apparently it is quite stable 
once the leaching process has been com- 
pleted. Moist powder, if dried at high 
temperatures, will oxidize rapidly, covering 
the particles with a visible coating of the 
oxide. However, a sample of powder boiled 
for an hour in distilled water and then 
carefully dried produced metal that was 
essentially the same as a control sample 
made from the original powder. Other 
samples aged for several weeks in the 
laboratory atmosphere gave normal results 
when finally consolidated into metal strip. 
The fine, dry powder is inflammable and 
presents the same hazards as finely divided 
magnesium and other pyrophoric powders. 

Precise analytical methods for deter- 
mining small amounts of all of the impuri- 
ties in titanium are not yet available, so 
it is not possible at this time to determine 
accurately the purity of the material pro- 
duced. However, qualitative spectrographic 
examination permits some estimation of 
the metallic impurities present. In general, 
the same impurities found in magnesium 
were also present in the titanium. The chief 
impurities are iron, silicon, magnesium, 
oxygen, nitrogen, and hydrogen. The 
presence of the magnesium, as previously 
noted, is due to entrapment in the reaction 
mixture; although most of the unused 
- magnesium can be removed by leaching, 
about 0.5 per cent escapes reaction with 
the leaching agent even after fine grinding, 
and remains in the finished powder. It is 
removed when the titanium is sintered at 
high temperatures and very low pressure; 
its presence in the powder is therefore not 
considered significant. 

The iron is introduced by contamination 
in the reaction chamber, in boring the mix 
from the chamber and grinding of the final 
product. The free iron can be removed by 
magnetic separation, as can the major por- 
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tion of the titanium-iron alloy formed on 
the walls of the reaction pot. Complete 
removal is not attained, however, and some 
iron was found in all the powder produced. 
A reasonably accurate colorimetric method ~ 
has been developed for determining this 
iron content. Briefly, the method consists 
of dissolving the sample in boiling sul- 
phuric acid, oxidizing it to the quadrivalent 
form by the addition of nitric acid, and 
forming a colored iron complex by the 
addition of NH4CNS. This complex is ex- 
tracted with ether to avoid interference 
by the titanium, and the concentration of 
iron in the ether solution is estimated by 
comparison with appropriate standards 
in a suitable colorimeter. According to the 
results given by this method, the iron con- 
tent of the titanium powder can be held 
easily below o.1 per cent, and by very 
careful operation may be reduced to 0.03 
per cent. 

Silicon, while shown to be present 
spectrographically, did not appear to 
interfere with the malleability; therefore 
control of the silicon content was largely 
centered on preventing its introduction by 
the use of chemically pure TiC], and high- 
grade magnesium. Preparation of spectro- 
scopic standards for a determination of 
silicon is not yet complete. It is estimated 
that not more than o.1 per cent silicon can 
be present in the finished metal. 

- In addition to the metallic impurities, 
the activity of the titanium with the 
various gases introduces a certain amount 
of the hydride, oxide and nitride. The 
hydride, as previously noted, is the least 
harmful, since the embrittlement produced 
by it is not permanent. The hydrides are, 
decomposed and the hydrogen removed 
when the metal is heated in a vacuum. 
Measurement of the volume of gas thus 
evolved indicates that under the best con- 
ditions the powdered titanium contains 25 
or 30 c.c. of hydrogen, at standard temper- 
ature and pressure, per gram of powder. 
It is absorbed as ‘‘nascent”’ hydrogen 
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evolved by action of the HCl on the excess 
magnesium. The hydrogen content of the 
powder may be greatly increased in the 
leaching if the temperature rises much 
above 25°C. or the acid concentration is 
too high. 

Oxides and nitrides may be introduced 
at many points in the process even though 
special care is taken to exclude them. There 
are no direct methods for determining the 
amount of these constituents present, but 
their effects on the finished metal may be 
used as a means of control. Several experi- 
ments in which controlled amounts of 
oxygen were added to the powder in the 
form of TiO» showed that the pressed and 
sintered compacts increased in hardness in 
a regular and consistent manner with the 
increase of oxygen. Similar experiments 
with the nitride did not give conclusive 
results because of the slow diffusion of the 
nitride in titanium. However, comparison 
of the hardness of these compacts with the 
hardness of the metal produced by the 
Van Arkel process, under oxygen-free and 
nitrogen-free conditions, indicates that 
metal produced under normal conditions 
in these laboratories contained considerably 
less than 0.1 per cent combined oxygen and 
nitrogen. 


PowDER METALLURGY 


Since the product of this reduction tech- 
nique was granular, it had to be consoli- 
dated before the metal could be utilized. 
Melting and casting of titanium presents 
many difficult problems; the metal has a 
high melting point and when molten 
reacts avidly with virtually everything with 
which it comes in contact. Available re- 
fractories are reduced by contact with the 
metal, which is then contaminated by both 
the oxide and the metallic element, and is 
embrittled. Kroll was able to melt the 
material on a small scale in a controlled 
atmosphere by a special arc melting proc- 
ess, which did not permit the molten metal 
to come in contact with anything but 
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titanium powder. His method, however, did 


not seem to be adaptable to the expanded 


operation contemplated. The methods of 
powder metallurgy, so successful with 
similar high-melting and active metals, 
were therefore employed. 

The technique finally established in- 
volves the use of coarser metal powder and 
somewhat higher pressures than normally 
are used in powder metallurgy. These fac- 
tors appear to be interrelated and con- 
trolled by the active nature of titanium. 
The fine powder, with its large surface 
area, becomes coated with a thin film of 
oxide upon exposure to the air, and the 
finer the particle size, the greater amount of 
oxide and hence the more brittle the com- 
pact formed from it. How much of this 
surface oxidation takes place in the leach- 
ing and how much in the drying is not yet 
clear. Fine powder, with its larger surface, 
produces unsatisfactory metal, and there- 
fore is avoided as much as possible. Some 
fines, however, are necessary for proper 
compacting, in order to control the void 
space. Powder having a maximum particle 
size of 30 mesh with not more than 15 or 20 
per cent minus 200-mesh was found to bea 
satisfactory compromise between the re- 
quirements of powder metallurgy and the 
great sensitivity of titanium to oxygen. 

Titanium powder may be characterized 
as a soft powder. It presses well and the 


compacts may be handled freely without ~ 


danger of breakage. The relationship be- 
tween density of the green compact and 
the pressure is shown in Fig. 3, which gives 
data on compacts pressed up to approxi- 
mately 1oo tons per square inch. The in- 
crease in density with pressure is quite 
rapid up to 50 tons per square inch. Be- 
yond this the rate of increase is consider- 
ably reduced. Since the gain in density 
with greater pressure did not appear to 
compensate for the disadvantages that the 
use of higher pressures involved, almost all 
of the compacts were pressed at 50 tons 
per square inch. At this pressure the com- 
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pression ratio of the powder is about 3}4 to 
I. Some fragmentary data on the effect of 
lower compacting pressures on the proper- 
ties of the finished metal indicate that the 
50 


SS THEORETIGAL DENSITY 


ead! 


this presents difficult problems in con- 
tinuous purification of the helium. For 
work on a larger scale in the future, these 
problems may have to be solved, since 


COMPACTING PRESSURE, TONS PER SQ. IN. 
Fic. 3.—RELATION BETWEEN DENSITY OF GREEN COMPACTS AND COMPACTING PRESSURE. 


best properties are obtained on compacts 
pressed at 50 tons per square inch. It is 
possible that lower pressures can be used 
when means of preparing finer powders 
without excessive oxidation are perfected, 
or when working schedules have been more 
fully developed for handling material with 
greater void space. 


SINTERING 


Sintering of titanium compacts requires 
a vacuum of the order of 1 X 1074 mm. of 
mercury to remove the hydrogen absorbed 
during the leaching, to distill off residual 
magnesium, and to protect the metal from 
oxygen and nitrogen. An atmosphere of 
purified helium is not satisfactory because 
it does not permit the hydrogen and mag- 
- nesium to be removed and the sintered 
compact is therefore brittle. While a cur- 
rent of purified helium at a few millimeters 
2 pressure would no doubt be satisfactory, 


vacuum work at the required sintering 
temperature is also quite troublesome. 

In sintering, the loss of hydrogen and 
magnesium give rise to a loss in weight, 
the void space is greatly reduced and the 
hardness of the compact increases. The 
effects of sintering temperatures from 600° 
to 1080°C. on these changes are given in 
Table 2 and plotted in Fig. 4. The data are 
based on a sintering time of 16 hr. at 
temperature. This sintering time was used 
as a standard, after a few trial runs at 
somewhat shorter and longer times were 
found to produce no significant differences 
in the sintered compact. This choice fitted 
the heating and cooling cycles of the sinter- 
ing apparatus and permitted charging on 
one day, sintering overnight, and recharg- 
ing the next day. Although this time was 
satisfactory for the immediate purposes, 
additional work will be necessary to estab- 
lish the minimum sintering time. 
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The data show that weight loss and de- 
crease of void space undergo the greatest 
change as the sintering temperature is in- 
creased; the volume of hydrogen evolved 
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because of insufficient consolidation while 
higher temperatures produced hard com- 


pacts difficult to work. Hydrogen may be ~ 


completely removed above 600°C., but the 


900 


Fic. 4.—EFFECT OF SINTERING TEMPERATURES ON WEIGHT LOSS, VOID SPACE, HYDROGEN EVOLUTION 
AND ROCKWELL HARDNESS. 


increases only slightly. Bonding of the 
titanium particles is also important but 
this is reflected in the ability to cold-work 
the compact. Compacts that could be 


TABLE 2.—Sintering Data 


Sinter- 
. Hydrogen] Loss in : 
ing ; Void |Hardness, 
Temper- Evolved, y eight, Space, Rock- 
ature, he Per | Per Cent | well A 
Deg. C. te 
550 “5 17.0 30 
600 a 17.9 31 
650 9 0.38 15.8 29 
700 8 0.44 15.5 31 
750 15 0.65 14.5 34 
800 5 Eee yd I5.2 34 
850 “5 1.50 13.3 37 
900 4 4.05 10.0 42 
950 | 4.83 8.0 45 
1000 0 4.95 75 47 
1040 +4 4.59 7-5 49 
1080 “a 4.42 5.4 51 


worked were obtained at sintering temper- 
atures of 850° to 1000°C. Lower temper- 
atures were found to be unsatisfactory 


rate of evolution is very slow below 800°C. 
Loss of weight due to evolution of hydrogen 
and distillation of magnesium is small up 
to 850°C. and reaches a maximum at 950° 
to 1000°C, The change beyond this point 
is due probably to some oxidation of the 
titanium caused by increasing porosity of 
the sintering-furnace tube at the higher 
temperatures, masking the loss due to 
hydrogen and magnesium. The compacts 
sintered at r100° and 1200°C. absorbed 
enough oxygen to decrease the malleability 
considerably; they were difficult, if not im- 
possible, to cold-work. Void space de- 
creasec slowly with increasing sintering 
temperature up to 800°C. From 800° to 
950°C. the decrease in void space was more 
pronounced. Higher temperatures showed 
little additional effects. Hardness reflecting 
the decrease in void space increased regu- 
larly for sintering temperatures from 700° 
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to 1080°C. From these data it is apparent 
that the optimum range in sintering tem- 
perature is g50° to r1000°C. Compacts 
sintered at these temperatures were ductile 
and could be readily cold-worked into thin 
strip. 


FABRICATION 


The main purpose of fabricating the 
pressed and sintered compacts was to 
check the amenability of the metal to 
plastic deformation; the hardness and 
ability to withstand cold-working by roll- 
ing and forging were the chief criteria. The 
working schedule was established early in 
the investigation and maintained through- 
out, so that the effect of changes in the 
process could be quickly evaluated. 

Most of the working tests were run on 
small compacts 1 in. in diameter and about 
3¢ in. thick, although a number of 114 by 
3 by 3¢-in., 114 by 3 by 34-in., and 4 by 
4% by 6-in. compacts were ae made and 
worked. The compacts usually were rolled 
into 0.025 to 0.030-in. strips, 8 to Io in. 
long. Initial rolling reductions were care- 
fully made at a rate of about o.oors5 in. 
per pass, the total reduction not exceeding 
20 per cent before the first anneal. This 
anneal of 16 hr. at 1000°C. was in effect a 
second sintering and, like all of the anneal- 
ing, was run in a high vacuum. On subse- 
quent working the reductions per pass were 
tripled and the reduction between an- 
nealing increased to 30 or 40 per cent. The 
annealing temperature was lowered to 
800°C. and the time to 2 hours. 

Compacts were considered satisfactory 
if they could be finished into 0.025 to 
- 0.030-in. strip with so per cent cold reduc- 


- tion without excessive edge cracking and 


without visible surface defects. 

This fabricating schedule was quite 
effective as a means of checking the effects 
of the many variables in the process on the 
finished powder, and was used as a means 
of establishing the proper controls. All lots 
of powder produced and all variations in- 
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troduced in the process were checked by 
the results of the fabrication tests. The 
grinding, leaching, and drying techniques, 
in particular, were established on this basis, 
since excessive oxidation of the powder in 
these steps invariably produced hard com- 
pacts difficult to work. Oxidized powders 
usually could be salvaged by releaching 
and drying under proper conditions. 


PROPERTIES OF TITANIUM 


The density and hardness were deter- 
mined on these compacts at all stages of 
fabrication in order to follow the changes 
that resulted from the working. The void _ 
space was about 14 per cent in the pressed 
compact, 7 per cent as sintered, 2 per cent 
after the initial working, and approached 
zero after the compact had been reduced 
to about 50 per cent of the as-sintered 
thickness. Normal cold-worked metal had 
a hardness of 60 to 70 on the Rockwell A 
scale and on annealing this dropped to 50 
to 55. The as-sintered hardness was much 
lower, because of the high void space, and 
generally ran from A-40 to A-45. 


TABLE 3.—Properties of Metallic Titanium 


Cold- An- 
worked | nealed 
ss 
Tensile strength, lb. per sq. in...| 126,000 | 82,000 
Yield strength, lb, per sq. in..... 100,000 | 62,000 
Proportional limit, 1b. per sq. in. 72,000 | 55,000 
Elongation, per cent in 2in...,.. 4 28 
Young’ s modulus, lb. per sq. in. 

NLOTOOs Horcete nie sels oraiolaieisy= sauce 15.4 16.8 
mane Rockwell A........-s 65 55 
Melting point, deg. C.........-- 1,725 
Electrical resistivity, ohms per 

Cu_cm.- X 108......ceeeceseee 56 
Density, grams per c.c. 4.5 
Crystal structure up “to” "880° 

+ 20°C, hex. G.P. seeders s a@ = 2.95 ¢ = 4.73 

Above 880°C. BC.C:. |G = 3.32 


a 


Tensile properties were determined on 
standard tensile specimens of 4-in. gauge 
length, cut from some of the strips. The 
values obtained were surprisingly con- 
sistent, considering that each specimen 
was made from a separate compact. 
However, there were significant differences 
from one lot of powder to the next as a 
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result of differences in the technique of 
processing, chiefly leaching and drying. 
Oxidized powders generally had higher 
tensile strength and lower elongation. 
Average properties representative of the 
usual run of the powder are given in Table 
3. Some additional data on the melting 
point, transition temperature, and X-ray 
parameters as reported by Fast are also 


given. The cold-worked properties were 


obtained on strip reduced 50 per cent by 
cold-rolling after the last anneal; data for 
the annealed state were obtained on strips 
made from the same lot of powder similarly 
treated and annealed for 2 hr. at 800°C. 
after the cold-working. 
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RESISTANCE TO CORROSION 


The corrosion resistance of titanium is 
very similar to that of 18-8 stainless steel. 


7 
| 
4 
a 
- 


Ccrrosion tests on small strips with an area — 


about 20 sq. cm. exposed to various cor- — 


roding agents were conducted for two four- 
week periods to determine the rate of 
attack. The tests were run in tightly 


corked test tubes, to prevent loss of solu- 


tion by evaporation, and the solutions were 
changed each week to ensure proper 
strength. Concentrated H2SO, and HCl 
rapidly attacked the titanium but a 5 per 
cent H,SO, produced a weight loss corre- 
sponding to only 0.40 mg. per sq. dm. per 


TABLE 4.—Physical Properties after 30-day Salt-spray Test 


Yield Propor- 


Ultimate : Modulus Elon- 
Strength, tional = . 
eae Strength, ART MEO Tes gation, 
Condition Ebest, Offset, Limit, Lb. per PaniCnne 
Sq. In Lb. per Lb. per Sq. In. in 2 In 
qo Sq. In. Sq. In. Nene 
Unexposed specimens: 
Tisiealed ise ardiversastenh oleeielalwiel Ss ERP Ne le al ae 73,400 50,900 44,400 13.5 25.9 
Cold-worked 5. <cicie sis:aietainays bs sjeieie wisn ialele a: sts 115,500 104,000 80,800 DW | 7.0 
Exposed specimens: ' 
Antiesled Ait casderorm retains te tec het 73,500 53,900 48,900 15.0 2552 
Cold-warkedy Jocadteee natvieslbetatiemine rae 118,000 105,200 71,500 14.8 5.4 


These are exctllent physical properties 
and place titanium high in thelist of strong, 
light metals? The. yield strength and pro- 
portional limits are unusually high for an 
ultimate strength of 82,000 lb. per sq. in. 
and the 28 per cent elongation is indicative 
of good working qualities. Cold-working 
increased the tensile and yield strengths 
more than 50 per cent without complete 
destruction of the ductility. While this 
increase is not unusual for common metals, 
it is significant that titanium, with its 
hexagonal structure, can be worked to this 
extent at room temperature, and that such 
working produces large permanent in- 
creases in the tensile properties. The 
modulus of elasticity was determined by 
dynamic methods, which gave more con- 
sistent results than those obtained from 
tensile data. 


day. Concentrated HNO; and 5 per cent 
solutions of HNOs;, HCl, acetic acid, 
NH,OH, and NaOH did not cause losses 
in excess of 0.05 mg. per sq. dm. per day. 
Another specimen in a dilute solution of 
sodium sulphide showed no weight change 
and was not discolored. Such resistance to 
chemical attack is quite surprising, con- 
sidering the active nature of the metal, 
but probably is due to a protective film of 
the oxide, like those found on aluminum 
and chromium. 


Exposure of both cold-worked and _an- - 


nealed specimens to salt spray for 30 days 
gave no visible sign of attack; the tensile 
properties remained essentially the same 
as those of control specimens made from 
the same lot of powder. Tensile properties 
obtained in this test are given in Table 4. 
These are average values for three speci- 
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_ mens in each condition and show no sig- 


nificant difference attributable to the 
exposure to salt spray. 

Although finely divided metal is pyro- 
phoric, the minus 35-mesh powder used in 
these investigations is quite stable. It may 


- be ignited deliberately but does not ignite 


spontaneously. Titanium wire in sizes 
under o.o10 in. can be ignited in a Bunsen 
burner but in larger sizes it simply under- 
goes surface oxidation, coating the metal 
with an oxide scale. At higher temperatures 
some nitride is also formed. 


SUMMARY 


Laboratory investigation of the prepara- 
tion of ductile titanium by reduction of 
TiCl,; with magnesium has progressed satis- 
factorily up to the production of 15-lb. 
batches of titanium powder without en- 
countering any technical difficulties that 
would prevent the expansion and use of this 
process on a large scale. The granular metal 


product is produced in a high state of 


purity, containing about 25 c.c. of hydro- 
gen per gram of metal and o.50 per cent 
magnesium, both of which are completely 
removed by sintering at 1000°C. in high 


is vacuum. The powder may contain up to 


or per cent iron and a few tenths of oxygen 


“it 
oe 


as the oxide. No information is available 


on the silicon content, but it-is believed to 


be less than o.1 per cent. These latter 


impurities are not present in sufficient 
amounts to interfere with the ductility of 


the metal. 

The powder has been consolidated by 
pressing into compacts at a pressure of 
so tons per square inch and sintering at 
1000°C. in a vacuum of 1 X 10-4 mm. Hg. 


381 


These sintered compacts are ductile, lend 
themselves readily to cold deformation, 
and have been made into sheet and bar by 
normal fabricating methods. Annealed 
material has a tensile strength of about 
82,000 lb. per sq. in. with 28 per cent 
elongation and a hardness of 55 on the 
Rockwell A scale. It is hardened by cold- 
working; tensile strength for 50 per cent 
reduction by cold-work is about 126,000 
lb. per sq. in. with 4 per cent elongation 
and a Rockwell hardness of A-65. 

The metal has excellent corrosion re- 
sistance, being very similar to the 18-8 
stainless steels in this respect. It is rapidly 
attacked by sulphuric acid and hydrochloric 
acid; dilute sulphuric acid attacks the 
metal slowly but concentrated and dilute 
nitric acid have no appreciable effect. The 
metal does not tarnish on exposure to 
laboratory atmospheres or during a 30-day 
exposure to the salt-spray tests. Physical 
properties are also unaffected by salt-spray 
corrosion tests. The consolidated material 
is quite stable. It may be heated to at 
least 800°C. in air without taking fire. 
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Ductile Titanium—Its Fabrication and Physical Properties 


By R. S. Dgan,* J. R. Lonc,t anp F. S. WarTMAN,t Mempers A.I.M.E., anp E. T. Hayesf 


(Chicago Meeting, February 1946) 


THE production of titanium in 15-lb. 
lots and with a purity sufficient to be con- 
solidated into ductile metal, as described 
in a previous paper, has provided adequate 
material for a study of the physical 
properties of titanium and a more thorough 
examination of its working qualities. 
Data on the physical properties reported 
in that paper were obtained on metal 
fabricated by a fixed procedure, stand- 
ardized for the purpose of control of the 
reduction, and are representative only of 
material fabricated under those conditions. 
There are many possible variables in the 
working schedule, which will have signifi- 
cant effects on the properties of the finished 
material; and since the previous working 
methods were not necessarily the best, an 
investigation of the fabrication of titanium 
by other methods was undertaken. In this 
work the consolidation of the powder by 
pressing and sintering was conducted 
essentially as outlined in the report cited! 
and all efforts were centered on fabrication 
methods for those powders and the proper- 
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ties produced by them. Hardness, density, 
microstructure, and tensile properties were 
determined at various stages in the working 
and annealing; and resistivity measure- 
ments were made on a few bars and drawn 
wire. 


TABLE 1.—Screen Analysis of Titanium 


Powder 

Tyler Sieve, Weight, Cones 

Size Per Cent ete ra 

E35 0.1 O.1 
= 351 An 25.0 25.1 
—48 + 65 26.3 51.4 
—65 + 100 17.4 68.8 
—100 + 150 rc. 82.3 
—150 + 200 7.5 89.8 

— 200 10.2 100.0 


CONSOLIDATION OF THE POWDER 


The screen analysis of the available 


titanium powder is given in Table 1. 


No attempt was made to alter the size 
distribution from that noted because this 
powder, although coarse by normal powder- 
metallurgy standards, produced acceptable 
compacts suitable for the present work. 
Because of their large specific surface, 
finer powders are more contaminated by 
oxygen and produce harder compacts, 
which are difficult to work. The powder 
as produced is soft, compresses in a normal 
fashion, and exhibits very little tendency 
to adhere to the die surfaces. Unlike 
aluminum and magnesium powders, it can 
be readily pressed without the use of die 
lubricants. When compacted at so tons per 
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square inch it has a compression ratio of 
about 3.5 to I. 

The compacts were pressed in a split 
die constructed in a manner that allowed 
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rated rapidly and therefore had no effect on 
the finished metal. It was used to simplify 
handling of the powder in loading and 
leveling and to help to reduce size segrega- 


Fic. 1.—SECTIONAL VIEW OF DIE FOR PRESSING 1% BY 3-IN. COMPACTS. 


distribution of the pressures on the top and 
bottom of the compact despite the use of a 
single-acting press. The essential features 
of this die are shown in Fig. 1, which is 
self-explanatory. Compacts 1}4 by 3 in. 
up to -34-in. thick can be produced in this 
die. A pressure of 50 tons per square inch 
was used for all this work and was found 
very satisfactory. The powder, moistened 
with C.P. benzene (about 5 per cent by 
weight), was loaded into the die in 50-gram 
increments, to reduce the tendency of the 
fines to segregate on leveling. About 95 
per cent of the benzene was forced out of 
the powder in the pressing; the rest evapo- 


tion. Most of the study was conducted on 
compacts 3¢-in. thick, weighing 100 grams, 
although a few compacts 34-in. thick 
weighing 200 grams, were prepared. These 
100-gram compacts were best suited to the 
scale of these operations. For the bar and 
wire studies, a die designed to make com- 
pacts 44 by 4 by 6 in. was used. The 
compacts made and products fabricated 
from them are shown in Fig. 2. 

The pressed compacts were sintered for 
16 hr. at rooo°C. in high vacuum. A 
vacuum in the order of 2 X 10-* mm. Hg 
was essential to remove the hydrogen 
and residual magnesium present in the raw 
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100, 150, AND 200 GRAMS, FORGED AND 
14 BY BY 6-IN. PRESSED AND SINTE 
DIAMETER WIRE. 


Fic. 2.—Raw TITANIUM PowpDER, 114 by 3-IN. PRESSED AND SINTERED COMPACTS WEIGHING 


ANNEALED 100-GRAM COMPACT, AND PROCESSED SHEET; 
RED COMPACT, 3¢-IN. COLD-SWAGED ROD AND 0.020-IN, 


<A — 


sie 


fk 


powder and to protect the titanium from 
oxygen and nitrogen, which react rapidly 
with the metal at the sintering tempera- 
ture. Maintaining such a high vacuum at 


CALIBRATION 
TITANIUM 
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Hg and carefully tested for leaks before 
heating. When the system was heated, 
evolution of hydrogen reduced the vacuum 
considerably but after 2 to 4 hr. at tem- 


.STANDARD CONVERSION 
ROM TABLE 


90 100 C20 C30 c40 


ROCKWELL © 


Fic. 3.— ROCKWELL CONVERSION CHART FOR TITANIUM METAL. 


- 1000°C. was complicated by the great 
activity of the titanium present. It was 
“necessary to take all possible precautions 
to avoid leaks in the system so that pres- 
sures measured would be representative 
2 of the true pressure in the system and not 
_ merely a reflection of the gettering action 
of titanium. McDanel porcelain tubes were 
found to be satisfactory for the sintering 
chamber and on blank runs at operating 
temperatures easily maintained a vacuum 
of 2 X 10-4 mm. Hg. A molybdenum tray 
inside the tube prevented contact of the 
4g titanium with the walls. The vacuum was 
- obtained by a high-speed oil diffusion 
_ pump backed up by a mechanical pump. 
Suitable baffles were used in the system to 
minimize back diffusion of the oil. 

In operation, the system was pumped 
down to a vacuum of 1 to'5 X 107° mm. 


perature an ultimate vacuum of 2 X 1074 
to 5 X 10° mm. Hg was attained. On 
cooling, the vacuum was maintained until 
the metal reached 100°C. or less. 
Shrinkage on sintering amounted to 
about 4 per cent of the linear dimensions 
and raised the density from 3.85 as pressed 
to 4.30 as sintered. The void space was 
correspondingly reduced from 14 per cent 


_to 4 or 5 per cent. Loss in weight on sinter- 


ing averaged about 0.80 gram for the 
1oo-gram compact and was approximately 
equal to the sum of the hydrogen and 
magnesium present in the raw powder. The 
removal of this hydrogen and magnesium 
was necessary to obtain the maximum 
ductility of the titanium. Rockwell hard- 
ness of the sintered compact was G-52 to 
G-5s5. A few tensile tests on specimens of 
0.125-in. diameter and }3-in. gauge length 
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gave a sintered strength of 83,000 lb. per 
sq. in. with ro per cent elongation and a 
green strength of 3500 lb. per sq. in. with 
zero elongation. The as-sintered strength 
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with a black deposit, which is removed 
by vigorous swabbing, leaving a bright 
surface with the grain boundaries well 
delineated. 


Fic. 4.—COMPACT VACUUM-SINTERED 16 HR. AT 1000°C, SLOWLY COOLED. 
Fic. 5.—STRUCTURE OF COMPACT COLD-REDUCED 25 PER CENT BY FORGING. 
Fic. 6.—STRUCTURE OF FORGED BAR AFTER VACUUM ANNEAL 6 HR. AT 1000°C, 
Fic. 7.—SHEET COLD-ROLLED TO 40 PER CENT REDUCTION. 

All X 250. 


was essentially the same as wrought 
material annealed at 1000°C. The elonga- 
tion was lower, however, owing to the void 
space. 

Fig. 4 shows the microstructure typical 
of the sintered material. It is a simple, 
polyhedral structure showing dark voids 
somewhat enlarged by the etching agent. 
A 5 per cent solution of hydrofluoric acid 
was found to be a very effective etching 
agent for titanium. It coats the specimen 


FABRICATION OF SINTERED MATERIAL 


The working methods previously used 
on the 1-in. diameter buttons were slow 
and tedious, particularly for the initial 
working stages, because of the relatively 
low ductility of the sintered material. 
The voids apparently interfere with the 
flow of the metal and necessitate light 
reduction and many passes. When heavy 
reductions are attempted, edge cracking 
becomes excessive and in some specimens 


a a. ee 


- transverse surface cracks are developed. 
__A reduction of o.0ors in. per pass has been 
~ found to produce satisfactory results but 
a total reduction of 20 per cent at this 
rate is time- -consuming. 

= Since hammer blows have a kneading 
action with greater depth and uniformity 
“in effective working, as compared with the 
_surface-layer working in rolling, particu- 
larly with light passes, cold-forging was 
_ adopted for the first forming stage. The 

- forging was accomplished with a troo-lb. 
- power hammer, using rounded dies to 
-concentrate the force of the blow and assist 
in directing the flow of metal. The compacts 
-were readily reduced by this method in 
-much shorter time without danger of shear 
cracking. While reductions as high as 
50 per cent in thickness were made in 
some tests, the danger of overwork made 
_ it desirable. to standardize on a 25 per cent 
_ reduction. The forging of the compacts 
“led to increase in the length from 3 to 
334 in. and decrease of the thickness to 
about 14 in. In this operation, the density 
ncreased from 4.30 to 4.42 (void space 
decreasing from 4.5 to 2.5 per cent) and 
the hardness increased from Rockwell 
_G-54 to G-81. Tensile strength of small 
_3-in. tensile specimens cut from forged 
compacts showed a strength of 115,000 
‘Ib. per sq. in. with 6 per cent elongation. 

The microstructure of the forged bar is 
Even in Fig. 5. Since this material has 
been reduced by only 25 per cent, the 
a of the grains is not great; there 
a however, some twinning not evident 
n the annealed structure. . 

The forged compacts were given a 6-hr. 
vacuum anneal at 1000°C. This operation 
’ was considered both as a second sintering 
a and an anneal, in that it promotes welding 
of the voids closed in the forging, homo- 
- genizes the structure and produces a 
4 product sufficiently soft for further treat- 
_ ment. The annealed metal has a density of 


a 4.44—a slight, but definite, increase over 
3 Ae gorecd condition. 
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-annealed at temperatures from 400° 
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The hardness and strength dropped to 
the same level as those of the sintered 
compacts and the elongation increased to 
19 per cent, twice that of the sintered 
material. The microstructure of this 
annealed material is given in Fig. 6 and 
shows fewer voids than in the sintered 
compact. 

Through all subsequent processing of 
titanium in this study, the procedure 
of pressing, sintering, forging, and anneal- 
ing was standardized as described previ- - 
ously; that is, pressing minus 35-mesh 
powder at 50 tons per sq. in.; vacuum 
sintering at rtooo°C.; and cold-forging to 
25 per cent reduction in thickness, followed 
by a 6-hr. vacuum anneal at 1000°C. 

Some of the material was hot-rolled 
(500°C.) and some cold-rolled for compari- 
son of the working and the effects of 
each on the physical properties. The metal 
was generally rolled into 14¢-in. sheet by 
schedules calculated to finish with varying 
degrees of reduction after the last anneal. 
Hardness, density, microstructure, and 
tensile properties were determined for 
various stages of working and on material © 
to 
1200°C. after working. 

The tensile properties for the most part 
were determined on the 1}{¢-in. sheet, 
using standard specimens 0.5 in. wide 
with a total gauge length of 4 in. A few 
values representative of unfinished material - 
were determined on round specimens with a 
}g-in. gauge length, 4¢ in. in diameter. 
All the tensile specimens conform to 
A.S.T.M. standards for sheet and round 
stock. 

The hardness was measured on the 
Rockwell G scale to cover the range 
involved with a single scale. Soft annealed — 
material registered in the neighborhood 
of 75 on the B scale while cold-worked 
metal often registered above 30 on the C 
scale. Other Rockwell scales that cover a 
similar range involve the use of light loads 
and are subject to fluctuation because of the 
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voids present in the first few working 
stages. Conversion from the G scale to 
the B or C scale is best made by the graph 
é of Fig. 3, which was drawn from values 


STRESS, 1000 P.'S.l. — HARDNESS , ROCKWELL G 
=a 


determined on the same piece using both 
scales. The standard tables give values 
2 to 3 points high when used for converting 
from G to B or C hardness. 


EFFECTS OF COLD-ROLLING 


Half of the forged and annealed compacts 
were cold-rolled into }4¢-in. sheet with 
intermediate vacuum annealing at 800°C. 
as required. The cold-rolled material was 
finished with 10, 20, 30, 40, 50, and 60 
per cent reductions after the last anneal. 
Intermediate reductions, prior to reaching 
the ready-to-finish size, were 15 to 20 


PERCENT COLD WORK 
Fic. 8.—PHYSICAL PROPERTIES OF COLD-WORKED TITANIUM. 


plotted in Fig. 8 as a function of co 


per cent at a rate of 0.004 in. per p 
Metallographic examination of represe 
tive samples showed that this schedt 
produced essentially the same grain size 


ELONGATION, PERCENT 'N 2 INCHES 


after each annealing. The compacts were _ 
first rolled along the short dimension to — 
give sheet about 2}4 in. wide and ther 
lengthwise in order to produce sheet large 
enough to make three standard tensile 
specimens from each piece. : * ; 

Physical properties obtained on the cold- _ 
worked sheet are given in Table 2 and — 


rolling. The zero cold-worked conditi yn 
is represented by material that had been 
cold-rolled to 40 per cent reduction 


values listed are average of the results on 
SIX separate specimens. 


“Taste 2.—Tensile Properties of Cold- 
worked 44-inch Titanium Sheet 


ea eee of persue, ff Pp 
educ- . per ; Cent in 
be. tion Sq. In. er Sa: 2In. well G 
0? 78,700 | 62,800 25.2 76 
IO)" 99,500 90,500 LE.S5 81 
é 20 110,500 | 101,100 8.2 86 
30 116,900 | 107,600 b fr | 88 
40 122,200 | 113,300 PS QT 
“s 50 123,000] 113,500 7.8 QI 
: 60 1.5 92 


I11I,500 


240 per cent cold reduction and annealed 2 hr. 
~ at 800°C 


The tensile strength increased from 
78,700 lb. per sq. in. for annealed material 
to 123,000 at 50 per cent reduction and 
then dropped to 111,500 lb. per sq. in. at 
60 per cent reduction. Yield strength 
shows a similar trend, reaching a maximum 
of 113,500 lb. per sq. in. at 50 per cent cold- 
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that 50 per cent cold reduction is the 
safe working limit under these conditions 
and that little is to be gained in increase 
of strength and hardness by working 
beyond 40 per cent reduction. Material 
for study of the effect of annealing tempera- 
ture on the physical properties was 
finished with 40 per cent cold reduction 
and then annealed for 2 hr. at temperatures 
ranging from 400° to r1oo°C. Tensile 
properties obtained on these specimens 
are given in Table 3 and Fig. 9. 

The relationship between physical prop- 
erties, microstructure, and annealing tem- 
perature follows the same general pattern 
of the common metals. The 122,200 lb. 
per sq. in. tensile strength for 4o per 
cent cold-worked sheet is decreased to 
99,200 lb. per sq. in. by annealing at 400°C., 
and drops to 79,000 lb. per sq. in. on anneal- 
ing at 700°C. Annealing at 800° and goo°C.. 
does not alter the strength appreciably, 
but higher temperatures produce a definite 
increase. The tensile strength rises to 


TABLE 3.—Tensile Properties of Cold-worked and Annealed 4 ¢-inch Titanium Sheet 


Yield 
Strength, 
0.2 Offset, 

Lb. per 

Sq. In. 


‘ Ultimate 
Annealing 
Temperature, ee 


Deg. C. Sq. In. 


92,100 
81,300 
69,400 
64,700 
64,000 
65,000 
64,500 
65,400 


work. Hardness increases regularly from 
 G-76 for zero cold-work to G-92 for 60 
per cent cold-work. The percentage of 
elongation drops rapidly from an initial 
_ value of 25.2 to 8.2 at 20 per cent cold 
_ reduction. It is substantially unaffected 
from here through so per cent cold-work 
but drops to 1.5 at 60 per cent cold-work. 
‘The sharp decrease of strength and 
- elongation for material cold-rolled to 60 
per cent reduction are indicative of over- 
pores. It is apparent from these data 


Proportional 
Limit, 
Lb. per 
Sq. In. 


76,500 
71,100 
63,400 
59,500 
58,800 
58,000 
44,800 
41,100 


Elongation, 


‘ Hardness, Grain Size, 
Per sea ue Rockwell G Mm. 

Az} 87 

+5 87 

“9 79 

12 78 0.025 
7 76 0.035 
.8 17 0.045 
ae 67 0.045 
5 68 0.090 


81,500 lb. per sq. in. on annealing at 
1100°C. This increase was found also in 
early work with the 1-in. compacts and 
appears to be characteristic of higher 
temperature anneals. It is not reflected - 
in the yield strength, which drops from 
113,300 lb. per sq. in. as cold-worked to 
64,700 for 700°C. annealing and does not 
vary significantly with increasing annealing 
temperature up to 1100°C. The propor- 
tional limit behaves similarly for annealing 
temperatures from 400° to goo°C. but 
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drops sharply for material treated at 
1o0o°C. The percentage of elongation 
increases to a maximum of 25.2 for 700°C. 
annealing and then decreases gradually to 


= nN nN 
a oO a 
STRESS,IO00 PS.L— HARDNESS, ROCKWELL G 


ELONGATION, PERCENT IN 2 INCHES 
ro) 


400 500 600 700 
ANNEALING TEMPERATURE °C 


Fic. 9.—PHYSICAL PROPERTIES OF COLD-WORKED AND ANNEALED TITANIUM. 


21.5 for an 11o0o°C. anneal. Hardness 


drops from G-g1 as cold-worked to G-87 
for 400°C. and to G-79 for 600°C. and 
remains at this value for other annealing 
temperatures up to 900°C. It is decreased 


to G-67-68 on annealing at t1000° to 


1100°C, 

The effect of annealing on the micro- 
structure is shown in Figs. 1o to 15, 
inclusive. Comparison of Figs. 7, 10, 11, 
and 12 shows that recrystallization starts 
between 500° and 600°C. and is complete 
at 700°C., some grain growth taking place 
at the latter temperature. The grain-size 


data given in Table 3 show a normal . 


relationship to the annealing temperature 


with the knee of the curve falling between 
—1000° and r100°C. The grain size increases 
slowly with increasing temperature from 


7oo° to 1000°C. (Figs. 13 and 14) and then 


temperature might be expected to show a 


the annealing temperature. - 


‘formation on physical properties was not 


800 900 —~——«1000 1100 


Metal rapidly cooled from the snneating Rs 


discontinuity in the curve for temperature 
versus grain size in the region of this % 
transition but slow cooling apparently 
masks such an effect; that is, the grain 
size obtained here is a function not only 3 
of the annealing, but also the cooling from 


The effect of the alpha to beta trans 


studied because of the difficulty of quench- 
ing tensile specimens after vacuum heat- 
treatment. However, the microstructures. 
of titanium rapidly cooled from the 
annealing temperatures were studied. Sp 
imens rapidly cooled from 800°C. and bel 
showed the normal polyhedral structur 
those heated to higher temperatu: 
invariably exhibited an acicular type 


he 

~ structure differing markedly from that 
of the furnace-cooled material. Fig. 16 
‘is representative of such structures. 
It is a typical martensitic structure 


R. S. DEAN, J. R. LONG, F. S. WARTMAN AND E. T. HAYES 


391 


graphic planes, thus giving rise to the 
needlelike pattern not unlike that exhibited 
by other metals and alloys undergoing 
similar changes. Diffraction patterns of this 


Fic. 10.—CoLD-ROLLED TITANIUM ANNEALED 2 BR. AT 500°C. 


Fic. 11.—COLD-ROLLED TITANIUM ANNEALED 2 HR. AT 600°C. 

Frc. 12.—COLD-ROLLED TITANIUM ANNEALED 2 HR. AT 700°C. 

Fic. 13.—COLD-ROLLED TITANIUM ANNEALED 2 HR. AT 900°C. SLOWLY COOLED. 
All X 250. tees 


structure are identical with those of alpha 


_ of beta to alpha titanium and is’ believed 
“to be due to the relatively large density 
change that takes place. Beta titanium 
stable above 875°C. has a body-centered 
__ cubic lattice with a density of 4.31 while 
alpha titanium stable at lower temperatures 
has a hexagonal close-packed lattice with a 


titanium produced by slow cooling from 
above the transformation temperature. 


HoT-ROLLING 


‘The high hardness level of cold-worked 
titanium and the restriction in cold- 
rolling that necessitated small reductions 
per pass and frequent annealing, raised 
the question of hot-rolling the metal. - 
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Fic. 14.—COLD-ROLLED TITANIUM ANNEALED 
2 HR. AT 1000°C. SLOWLY COOLED. X 250. 
Fic. 15.—COLp-ROLLED TITANIUM ANNEALED 
2 HR. AT 1100°C, SLOWLY COOLED. X 250. 
Fic. 16.—STRUCTURE OF TITANIUM COOLED 
RAPIDLY AFTER 2 HR. AT 1100°C. X 500 
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Kroll? has shown that _hot-rolling of 
titanium is possible and has reported that 


be given greater reductions per pass at 
elevated temperatures and that the total — 
reduction between anneals would be con- 
siderably larger than in cold-working. A 
limiting factor of the hot-rolling is the 
maximum temperature to which the metal 
can be heated in air without serious — 
oxidation. A few preliminary tests on the © 
effect of heating titanium in air for 5-hr. — 
periods indicated that while green and ~ 
sintered compacts showed a measurable 
increase in weight when heated above © 
400°C., those given a preliminary working — 


4 


to close the void spaces showed no signifi- | 
cant gain as a result of oxidation at 
temperatures as high as 500°C. Several 
early experiments on titanium that had 4 
been given an initial cold-working and © 
annealing indicated that such material — 
could be readily rolled at 500°C. with 7 
larger reductions per pass than on cold- ; 
rolling, and that total reduction up to © 
75 per cent in thickness was possible with- 
out reaching abnormal hardness values. 
After consideration of these factors, a 
hot-rolling schedule was adopted, and the 
remainder of the forged and annealed 
compacts were rolled at 500°C. The com- 
pacts were kept at temperature throughout 
the rolling by returning to the furnace 
and reheating after each pass through the _ 
rolls. Although reductions as high as 40 
per cent per pass could be obtained, 
reductioris of about 15 per cent per pass, 
0.037 in. for the initial stage, were made 
in the normal procedure as compared with | 
0.004 in. per pass in cold-rolling. The 
rolling schedule was designed to produce 
l¥¢-in. sheet finished with 30, 50, 60, 70, 
and 80 per cent reduction in thickness by ~ 


_? W. Kroll: Some Properties of Pure Tita- 
nium, Metallwissenschaft (1939) 18 (4), 77-80. 


-  hot-rolling. Intermediate annealing to suit 
"the schedule was carried out in a vacuum of 
_  8X10-5 mm. Hg or better. All sheet 
was pickled in 1o per cent HF before 
- annealing, to remove the oxide skin and 
so prevent its absorption by the metal 
at the elevated temperature. 


- Taste 4.—Tensile Properties of Hot-worked 


ae 14 6-inch Titanium Sheet 
° Yield Pro- 
Per- Ulti- Strength,| por- Elon- Hard- 
cent- mate = gation, 
0.2 Off- | tiona ness, 
i age of |Strength, ere REE Pe mael 
{ Reduc- | Lb. per Jiang Lb 1, | Cent in he G 
i tion Sq. In. per ae sew hel well 
Sq. In. | Sq. In. 
<4 74,600] 58,600 | 51,000 22.7, 75 
30 90,400 | 82,900 | 64,700 15.0 82 
50 96,900 | 88,600 | 69,200 A 87 
60 100,800 | 92,300 | 71,900 12.5 87 
70 100,300 | 90,500 | 66,700 10.0 88 
80 101,700 | 92,500 | 68,000 14.8 88 


260 per cent reduction followed by annealing for 
2 hr. at 800°C. 


Rolling at 500°C. is not strictly ‘‘hot”’ 
rolling for titanium, since the micro- 
structure of material annealed at this 
temperature exhibits no sign of recrystalli- 
zation (Fig. 19). If these properties are 
compared with those of cold-rolled material 
annealed at s5o0o0°C., it will be seen that 
they are in good general agreement. 
They cannot be expected to coincide, 
however, since the amount of reduction 
differs and total time at temperature also 
differs; that is, the annealed material was 
at temperature for 2 hr., while the hot- 
rolled metal was at the rolling temperature 
not more than one hour. 
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The increase of tensile strength for any 
given amount of hot-rolling is very much 
less than that produced by the same reduc- 
tion in cold-rolling. A reduction of 80 
per cent by hot-rolling gives a tensile 
strength of only 101,700 lb. per sq. in. 
compared with the maximum of 123,000 lb. 
per sq. in. produced by 50 per cent reduc- 
tion by cold-rolling. This accords with 
the relief of work-hardening strains ob- 
tained by annealing cold-rolled material 
at this temperature. It is apparent that 
work-hardening has taken place, although 
not to the extent that occurs in room- 
temperature working. The yield strength 
shows similar effects increasing to 92,500 
Ib. per sq. in. for 80 per cent reduction 
compared with the maximum of 113,500 lb. 
per sq. in. for so per cent reduction by 
cold-rolling. The percentage of elongation 
behaves more irregularly but is still about 
1o after 70 per cent reduction by hot= 


‘ rolling, compared with 7.8 for 50 per cent 


cold-rolling. The value of the elongation 
at 80 per cent reduction does not fit in with 
the rest of the data and was not considered 
in drawing the elongation curve of Fig. 17. 
Rockwell hardness values increase slowly 
from an initial G-75 to G-88 after 80 per 
cent reduction; that is, 4 points below hard- 
ness reached by 50 per cent cold-rolling. 
Sheet for the study of the effect of anneal- 
ing temperature on the properties of hot- 
worked material was finished with 60 
per cent reduction and then annealed at 
temperatures ranging from 500° to 1200°C. 
The results of such tests are given in 


TABLE 5.—Tensile Properties of Hot-worked and Annealed 44-inch Titanium Sheet 


: Yield ; 
: Ultimate Proportional : 
t Annealing Strength, Seats Limit, Elongation, Hardness, Grain Size, 

eeu bere ates Lb. per Oe nee Lb. per Per Cent in Rockwell G Mm. 

C. Sania Lb. per Sama 2 In. 

Bae Sq. In Kel tel 
92,000 84,100 69,000 17.6 81 
: 78,700 63,200 56,300 ~ 18.9 715 0.010 
73,900 59,800 53,400 25.2 74 0.025 
73,590 59,600 55,100 26.2 74 0.035 
— 73,300 59,700 53,400 25.4 76 0.035 
‘ s 80,300 64,800 43,200 22.4 65 0.120 
: 79,500 66,700 45,900 20.2 67 0.120 
83,000 67,800 44,600 Pe dapt 70. 0.150 
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~ Table 5 and Fig. 18. In general, the proper- 
ties are similar to those of cold-worked 
- metal annealed at the same temperature. 
Strength and hardness reach a minimum 


ing temperatures of 700° to goo°C. The 
- tensile strength of 73,000 lb. per sq. in. is 
somewhat lower than that obtained in 
annealed cold-rolled material. At annealing 
temperatures of 1000° and r1oo°C. the 
peenet increases to the same limiting 
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corresponding cold-rolled annealed metal 
up to annealing temperatures of goo°C. 
but increases with higher annealing tem- 
perature ,, sinstead of remaining constant. 


9.—STRUCTURE OF TITANIUM Mage ROLLED TO 60 PER CENT REDUCTION IN THICKNESS 
AT 500°C. 
o.—HO0T-ROLLED TITANIUM ANNEALED 2 HR. AT 500°C. 
21.—HOT-ROLLED TITANIUM ANNEALED 2 HR. AT 600°C. 
Fic. 22.—Hot-ROLLED TITANIUM ANNEALED 2 BR. AT 700°C. 
All X 250. 


The elongation values, while slightly lower 
up to 700°C. annealing temperature, reach 
a higher maximum (26 per cent) at 800°C. 
and remain above that of the cold-worked 
and annealed sheet for goo° and 1000°C. 
annealing temperature. 
The microstructures of hot-rolled and 
annealed metal are shown in- Figs. 19 
to 26. They are very similar to the cold- 
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rolled and annealed structures and show 
about the same general trends in grainsize. 

From the viewpoint of ease of reduction, 
hot-rolling of titanium at 500°C. offers 
advantages over cold-rolling. Reductions 
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Fic. 

Fic. 25.—Hov-ROLLED TITANIUM ANNEALED 2 HR, AT 1100°C, SLOWLY COOLED. 

Fic. 26.—Hot-ROLLED TITANIUM ANNEALED 2 HR. AT 1200°C. SLOWLY COOLED. 
All X 250. 


of 80 per cent or more in thickness are 
quite feasible compared with a maximum 
of so per cent by cold-rolling, and reduc- 
tions per pass, particularly in the thicker 
sections, can be greatly increased. This 
reduces the number of intermediate an- 
nealings necessary in the preparation of 
> thin sheet. The drop in hardness at elevated 
| temperatures also decreases the power 
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requirements for rolling. While the material _ 
produced by hot-rolling does not reach 
the high strength levels of cold-rolled — 
metal, the elongation for equivalent reduc- 
tions is considerably higher. 


Rop AND WIRE 


Rod and wire were made from the 4% by 
Ww by 6-in. compacts and handled in — 
much the same way as the rectangular — 
compacts, except that they were reduced 
by cold swaging and drawing rather than 
rolling. The initial reductions amounted 
to 20 per cent but subsequent reductions 
were successfully increased to as much 


as 50 per cent. In general, the metal 
appeared to be even more amenable to 
_ swaging than to cold-rolling, permitting 
reductions of 20 per cent in a single die; 
possibly because the action in swaging is 
more like that of hammering and gives 
- deeper penetration of the working effect 
4 than is obtained by rolling. 
oA, Rod less than o.1 in. in diameter and 
_-_wire were annealed by heating in air for 
20 min. to x hr. at a temperature of 600°C. 
The oxide film formed was very thin and 
did not penetrate into the metal, since this 
temperature is low and the time short. 
Air annealing avoided the time-consuming 
vacuum anneal and the oxide film was a 
decided advantage in preventing metal 
from sticking to the dies. Apparently 
the oxide film acts as a die lubricant since 
_ rod and wire could be easily drawn through 
3 dies if it had an oxide coating although 
vacuum-annealed material could be put 
through one die only. 
i The electrical resistivity of annealed wire 
- checks the published value of 56 X 107 
ohms per centimeter cube and this was not 
changed significantly by cold-working. 
Wire as fine as 0.006 in. could be drawn, 
although it had 15 intermediate air 
annealings without removal of the oxide 
film. This suggests that after the first 
few working stages, with their intermediate 
vacuum annealing to reduce the void 
spaces, titanium metal can’be handled to 
_ advantage by short-time air anneals at 
600°C. without harm to the metal by 
excessive oxidation. 


SUMMARY 


Titanium metal consolidated from coarse 

powder has been pressed into compacts 
at a pressure of so tons per square inch, 
sintered for 16 hr. at r1000°C. in a vacuum 
a of 5 X 10-4 mm. Hg and finished into 
-—-‘W%e-in. sheet by a sequence of forging, 
 cold-rolling, and “hot’-rolling procedures. 
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The sintered compacts. have a density of 
4.30 and a tensile strength of 83,000 lb. 
per sq. in., with an elongation of 10 per 
cent and a hardness of Rockwell G-54. 
They are best worked by cold forging 
and may be reduced as much as 50 per 
cent in thickness in this operation. Com- 
pacts normally were forged to 25 per cent 
reduction and in this condition have a 
density of 4.42, a tensile strength of 115,000 
lb. per sq. in., 6 per cent elongation, and a 
hardness of G-81. Vacuum annealing for 
6 hr. at rooo°C. gives a slight increase 
in density and reduces the strength and 
hardness to about those of the sintered 
compact. These forged. and annealed 
compacts were cold-rolled by slight reduc- 
tions and many passes, with intermediate 
annealing after 15 to 20 per cent reduc- 
tion, and finished into: sheet with 10 to 
60 per cent reduction. 

Tensile strength is increased by cold- 
rolling from 78,700 to 123,000 lb. per 
sq. in. by 50 per cent reduction and then 
drops to 111,500 lb. per sq. in. at 60 per 
cent reduction, indicating overwork. Per- 
centage of elongation decreases from 25.2 
to 8.2 at 20 per cent reduction and drops to 
1.5 at 6o per cent reduction. The hardness 
rises regularly with working from G-76 for 
annealed material to G-g2 for 60 per cent 
cold-work. 

Rolling at 500°C. permits greater reduc- 
tions per pass and larger total reductions 
between anneals. The temperature is 
below the recrystallization temperature 
of titanium, and material so rolled work- 
hardens, but to a much smaller extent than 
in cold-rolling. Reductions of 80 per cent 
raise the tensile strength to 101,700 lb. 
per sq. in. and the hardness to G-88, while 
the elongation drops irregularly to 10 
per cent in 2 inches. 

Annealing after cold-rolling and hot- 
rolling produces similar properties for a 
given annealing temperature. Minimum 
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strength is reached on annealing between in fie tensile aes: 

700° and goo°C. Cold-rolled and annealed — elongation. — 

metal has a slightly higher tensile strength, _ 

79,000 lb. per sq. in. compared with 73,000 and then eat into wire gee: i 
Ib. per sq. in., and a hardness of G-79 diameter. The small rod and ~ “wi 2 
versus G-75, while the elongation of 25.2 is 
slightly lower. Annealing temperatures of 

1000° to. 1200°C. produce a small increase excessive ouida iba: 


_ Pore silver and silver-lead alloys have 
been studied as to their suitability for bear- 
ings.1~§ A review of the properties of thal- 
-_ lium and the silver-thallium constitutional 
diagram was made by the author to analyze 
the possibilities of silver-thallium composi- 
tions for antifriction materials. The silver- 
rich end of the diagram as reported in the 
literature®-1! was found to be sketchy and 
_ it was necessary to carry out considerable 
experimental work to arrive at definite 
conclusions. Some of the results of this work 
are reported in this paper. 


Test MATERIALS 


In the beginning of the work, only fused 
alloys were investigated. Later, research 


TaBLE 1.—Composition of Fused Silver- 
thallium Alloys Tested for Antifriction 
Properties 
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‘was carried out on electroplating methods 
and diffusion processes. In preparing the 
fused alloys, care was taken to exhaust the 


Manuscript received at the office of the 
‘Institute Jan 2, 1945. Issued as T.P. 1930 in 
METALS TECHNOLOGY, October 1945. ui 
‘a3 *Metallurgical Consultant, Bearing Divi- 
sion, P. R. Mallory and Co., Inc., Indianapolis, 

Indiana. : 

_ + Silver-thallium alloys for bearings are 
covered by U. S. Patent 2375224, issued to 
_F. R. Hensel in May 1945. 

1 References are at the end of the paper. 


Silver-thallium Antifriction Alloys 


By F. R. Henser,* Memper A.I.M.E. 
(Fall Meeting, October 1945) 


toxic fumes caused by the thallium content. 
The compositions of the series of fused 
alloys are listed in Table 1. . 
The silver-thallium alloys were melted in 
clay-graphite crucibles and cast into pre- 
heated steel molds of 34-in. diameter. In 
the cast condition, they showed a cored 
structure, as indicated by the micrographs 
of Figs. 1 to 3. The etching reagent used 
was a mixture of 2 grams K2Cr.Oz, 8 c.c. 
H2SOu,, and too c.c. H,0.- 
The cored structure is unsatisfactory for 
the type of corrosion resistance required 
for bearing applications, and homogenizing 
experiments were carried out at various 


temperatures, the results of which are 


shown in Figs. 4 through 8. The alloys 
with a lower thallium concentration, which 
were heated for 2 hr. at 525°C. show an 
almost completely homogenized solid solu- 
tion type of structure. 

With higher thallium concentration, the 
homogenizing temperature was dropped to 
475°C. to eliminate the formation of a 
liquid phase. It is evident that heating for 
2 hr. at this temperature did not result in 
complete elimination of the cored structure. 

As would be expected, cold-working of 
the cast structure is an expedient in estab- 
lishing equilibrium conditions. The fine 
homogeneous grain structure shown in Fig. 
7 corresponds to the cold-worked area 
under the Rockwell ball penetration when 
the hardness was taken before heat-treat- 
ment. A detailed structural study was made 
on a cast silver-thallium alloy containing 
3.67 per cent thallium. Three micrographs 
(Figs. 9, to and 11) show the transition 
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1a Fics, 1-3.—SILVER-THALLIUM CASTINGS. X 75. 
ke Fig. 1. Contains 2.04 per cent TI. 

re. ay Fig. 2. Contains 5.86 per cent TI. 

a> _ Fig. 3. Contains 10.07 per cent TI. 


from a severely cored structure to a par- 
_ tially homogenized structure after heating 
_ for 2 hr. at 400°C. and finally to a complete 
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Fics. 4 AND 5.—SILVER-THALLIUM CAS 


solid solution after heating for 2 hr. at 
Be 525°C. 
The effect of increasing percentages of 
thallium on the electrical and physical 
_ properties of cast and homogenized alloys 
is shown in Fig. 12 (electrical conductivity), 
_ Fig. 13 (ultimate tensile strength), Fig. 14 
(elongation and reduction of area), and 
- Fig. zs (hardness). Standard A.S.T.M. 
tensile test bars were used, which were 
~ machined from 34-in. diameter billets cast 
into preheated steel molds. 
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The steep drop in electrical conductivity 
indicates the formation of silver-thallium 
solid solutions up to about 9 to ro per cent 


Fig. 4. Heated for 2 hours at 400°C. 
Fig. 5. Heated for 2 hours at 525°C. 


thallium, at which percentage the con- 
ductivity curves flatten out. This is in 
agreement with the microscopical data. 

Tensile strength, elongation and reduc- 
tion of area drop with increasing thallium 
content, the values in the homogenized con- 
dition being higher in almost all specimens 
than in those in the as-cast condition. The 
hardness, on the other hand, shows a some- 
what erratic behavior, particularly in the 
alloys of lower thallium contents. 
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Fics. 6 AND 7-—SILVER-THALLIUM CASTINGS CONTAINING 5.8 
> Fig. 6. Heated for 2 hours at 475°C, 

Fig. 7. Cold-worked and subsequently heated for 2 hours at 475°C. 
e's Fic. 8.—SILvER-THALLIUM CASTING CONTAINING 10.07 PER CENT Ti. X 75. 
ok Heated for 2 hours at 475°C. 
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Fics. 9-11.—SILVER-THALLIUM CASTINGS CONTAINING 3.67 PER CENT Tl. X 250. 
4 Fig. 9. Untreated. 

Fig. 10. Heated for 2 hours at 400°C. 

Fig. 11. Heated for 2 hours at 525°C. 
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Fic. 12.— ELECTRICAL CONDUCTIVITY, CAST SILVER-THALLIUM ALLOYS. 
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ALL OTHERS HOMOGENIZED 2 HRS. AT 475°C 
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Fic. 14.—PERCENTAGE OF ELONGATION AND REDUCTION IN AREA OF CAST AND HOMOGENIZED 
SILVER-THALLIUM ALLOYS. 
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Fic. 15.—HARDNESS OF CAST SILVER-THALLIUM ALLOYS. 
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SILVER-THALLIUM ALLOYS PRODUCED BY 
ELECTROPLATING 


Alloys were prepared ranging in thallium 
content from a few hundredths per cent up 


f eS “ 
0 MM. tO Pine 


to 11.35 per cent. The general character of 
the deposits at low current densities was 
coherent and rather smooth. At higher 
current densities, the character of the 
deposit was not coherent, and was quite 
rough and nodular. 

In a plating solution containing silver 
and thallium, selective deposition occurs, 
the thallium being plated at a much faster 
rate than the silver. It was found that 


SILVER-THALLIUM ANTIFRICTION ALLOYS 


Fics. 16 AND 17.—ELECTROPLATED SILVER-THALLIUM ALLOYS CONTAINING 1.8 PER CENT THALLIUM. 


X 500. 
Fig. 16. Untreated. 
Fig. 17. After homogenizing for 2 hours at 525°C. 


eek 
ae 
silver-thallium anodes containing approxi- 
mately 2 per cent thallium could be used ¥ 
with a normal silver-plating bath contain- = 
ing no added thallium. If this bath was — 
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operated at current densities of 3 to8 amp. _ 
per square foot, an alloy deposit containing 
about 2 per cent thallium was obtained ‘ | 
after aging of the plating bath. Actual “4 
composition of a suitable bath before 
plating was started was approximately as _ 
follows, in grams per liter: silver cyanide, 
35; potassium cyanide, 19; potassium 

carbonate, 38; thallous cyanide,o.5. 


_ Satisfactory results were also obtained 
__ by using a bath in which thallous perchlo- 
rate was used in an amount to give an 
iz equivalent weight of thallium as thallous 
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Fic. 18.—FILMS OF THALLIUM ON SILVER DIFFUSED AT 500° AND 600°C. 


ion in the solution. A typical bath composi- 
tion, which was used successfully, was, in 
_ grams per liter: silver cyanide, 60; potas- 
sium cyanide, 75; potassium carbonate, 38; 
thallous perchlorate, 13. With this type of 
bath it was possible to electrodeposit silver- 
thallium alloys containing ‘approximately 
5 per cent thallium. 
It was found that the physical properties 
_ of the deposit were affected by the current 
density. The plate produced at high current 
‘densities is harder and more brittle, and 
_ shows larger crystals, than when the cur- 
rent density is kept low. A maximum cur- 
rent density that would produce suitable 
_ deposits was found to be 5 amp. per square 
me foot. 
The physical properties of plated strips 
of the silver-thallium alloy containing 2.12 
per cent thallium were as follows: 
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1. As-plated condition: tensile strength, 
47,690 lb. per sq. in.; elongation in 14 in., 
25 per cent. 3 

2. Homogenized for 134 hr. at 500°C.: 


0002 THALLIUM. 
6 HRS. AT 600°C 


20 22 24 26 28 30 32 34 


tensile strength, 29.400 lb. per sq. in.; 
elongation in 14 in., 46 per cent. 

The electrical conductivity of plated 
deposits was determined as 53 per cent 
I.A.C.S. on an alloy containing 1.3 per cent 
thallium, and 45 per cent I.A.C.S. on an 
alloy containing 1.8 per cent thallium. 


MICROSCOPICAL AND X-RAY DIFFRACTION 
ANALYSIS OF ELECTRODEPOSITED © 
SILVER-THALLIUM ALLOYS 


The microscopical structure of a 1.8 per 
cent thallium-silver alloy is shown in Fig. 
16. The fine-grained area with random cry- 
stal orientation is adjacent to the steel onto 
which the alloy was plated. From this zone 
larger crystals grow. It was noticed in the 
electroplating of actual bearing shells that 
the crystal size reached considerable pro- 
portions, such as o.25-in. diameter. A 
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homogenizing treatment of 2 hr. at 525°C. 
caused complete recrystallization, resulting 
in the heavily twinned grain structure seen 
in Fig. 17. 
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Fic. 19.—INDIUM-THALLIUM-INDIUM ON SILVER, DIFFUSED 6 HOURS AT 600°C. 


The X-ray back reflection pictures of 
the electroplated fine-grained and large- 
grained zones showed two broad, fuzzy, 
concentric circles. The lack of sharpness of 
the diffraction lines may be due either to 
internal stresses or to a lack of chemical 
homogeneity, or to both. The back reflec- 
tion picture after homogenizing showed 
two sharply defined sets of doublets, 
indicating a homogeneous and stress-free 
material. The spottiness of the doublets 
indicated that grain growth took place 
during the homogenizing treatment. 

The large macroscopical crystals found 
in bearing shells of electroplated silver- 
thallium alloys (2 per cent thallium) were 
studied for evidence of preferred orienta- 


tion. Back-reflection pictures were taken 


of single crystals and these showed that 
predominantly the (100) planes were per- 
pendicular to the direction of the growth 
of the crystals from the plating solution. 
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Further X-ray studies showed that the 
crystals can rotate around the preferred ~ 
axis. It appears that the crystals begin to 


grow from the plating bath in the form of 


AYER —.0000 


octahedrons, thereby duplicating closely — 


the crystallization phenomena of cubic 
metal crystals from a molten condition. 

A powder-camera picture of a 2 per cent 
thallium silver alloy in the plated condi- 


tion revealed the absence of free thallium — 


or a thallium phase and indicates a solid 
solution of thallium in silver, the lattice 


parameter of which was found to be prac- 4 


tically the same as that of fine silver. The 
lattice constant for fine silver as given in 


the literature is 4.077 A. units. The lattice _ 


parameter for fine silver as determined 
experimentally on a G.E. X-ray diffraction 
unit, using CuKay,, radiation, was found to 
be 4.053 A. The parameter of the silver- 
thallium alloy measured under the same 
conditions was 4.058 A. The agreement 
between fine silver and silver-thallium _ 
alloy is within the limits of experimental ~ 
error of the equipment. 


: 


~ 
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DIFFUSION OF THALLIUM INTO SILVER 

Since this investigation pertained pri- 
marily to the development of a new bearing 
material where the bearing surface alone 
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diffusion temperature to 600°C. and keep- 
ing the time constant, the gradient was 
flattened out considerably. The results are 
shown graphically in Figs. 18, 19 and 20. 
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Fic. 20.—INDIUM-THALLIUM-INDIUM ON SILVER, DIFFUSED 12 HOURS AT 600°C. 


is of prime importance, the preparation of 
such surfaces by diffusion was studied. The 
efforts were directed toward obtaining a 
uniform silver-thallium alloy having a 
depth of about 0.002 to 0.003 inch. 

The tests were carried out by electro- 
plating a predetermined amount of thal- 
lium onto silver and subsequently heating 
the sample to various temperatures for 
various lengths of time. 

Diffusion experiments were also mutica 
out in which indium and thallium in com- 
bination were diffused into the silver. 
Definite amounts of indium and thallium 
were electroplated onto the silver, the 
usual procedure being to first plate indium, 
then thallium and then indium again over 


the thallium. 


The diffusion gradients are quite steep 
when diffusion was carried out at 500°C. 
for 6 hr. in hydrogen, starting the furnace 


from room temperature. By raising the 


BEARING TESTS 
Amsler Seizure Tests 


The Amsler tests were run on two types 
of shafts, polished and ground. The tests 
were conducted as follows: the bearings 
were first worn in on smooth shafts, then 
the test shafts were substituted and the 
tests begun. 

Load was applied until the frictional 
torque reached 4 kg-cm. The load at this 
point was called, “the Initial Seizure 
Load.” The test continued for one hour, 
maintaining the torque of 4 kg-cm. centi- 
meters by adjustment of the load. The load 
at the end of the hour period was called 
“the Final Seizure Load.” The test results 
are shown in Table 2. 

Thallium improves the seizure resistance 
of silver against a ground shaft, though 
decreasing it somewhat against a polished 
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a shaft. The alloy containing about 2 per 


: cent thallium appears to be the best. 
. The silver-thallium alloys are somewhat 
: more seizure-resistant when heat-treated 


af vhs oaehion to corrosive ee 7 
was catalyzed by iron naphthanate and in 
oil in which the corrodent was oleic acid. 


‘ than as cast. The plated thallium-silver The results are shown in Table 3. It was 
a alloy exhibits promising properties. The found that the high lead-silver alloy and 
E highest final seizure loads on a ground shaft the copper-lead alloys were corroded but 
4 . were 55 kg. for the silver alloy containing that the thallium-silver alloys were resist- 
a. TABLE 2.—Test Results, Seizure Loads 

Se 

Liss 6 Composition, Per Cent Ratio of Sei- 


Seizure Load, Kg. 


zure Load on 
Ground Shaft 


Polished Shaft? 


ae Specimen Condition Ground Shafte'| » *%; That on 
= 4 4 
a Ag Pb = 
: Initial | Final | Initial | Final | Initial | Final 
Silvers hiss: a er As cast f Fee 0.39 
BIg iaPolois auais 5 ; 200 at 
BR ere sie twice 89.18 | 10.68 177 0.16 
Ra secs cae 99.52 oO. +200 0.24 
DSDA ssae een <'s 98.94 ¥, +200 4 0.19 
SX Es Js 97.90 Pare 117 : 0.34 
ASB Soret es 95.93 4. 130 t 5 0.21 
BSS os: 47 sats % 93.62 6. 123 A 0.225 
BRA Ores oe 90.16 9. 132 0.23 ; 
B35 arcu oes 95.45 =F 134 f 0.24 
HK Poa One 99.52 OF sro 2 hr. ‘? 
525°C. +200 yuk 0.32 
SY ee ee 98.94 ne 2 hr. + : ‘ 
525°C. 200 oO. 0.2 
Pig Og cf 97.96 Peet 2 hr. 
525°C. 13 0.. 0.32 
BsatHa 96.17 meee 2 hr. : an 
525°C. 132 05 0.2r 
CER eae 94.14 gare 2 hr. ; 
: 475°C. 148 oO. 0.22 
234 HT.. 89.93 eames 2 hr. : 
475 ©. 135 oO. 0.1 
235 HT.. 96.03 Sa 2 or. . 
525°C, 128 o. 0.2 
Plated Ag T1.| 98 As plated +200 oO. oO. 23 
ere A a 96.5 3.5 As plated +200 O.I 0.19 
A ciao s'0 99.9 As plated +200 0.13 | 0.18 


_ 2.10 per cent thallium and 57 kg. for the 
_ plated silver thallium. The plated silver 
_ lead in this test did not show up better than 
_ pure silver. For comparison, the final sei- 
gure loads on ground shafts are given for 
two copper-lead alloys. A material contain- 
Ing 73 per cent-copper, 1.05 per cent silver 
and 25.40 per cent lead showed a final 

seizure load of 39 kg. An alloy containing 

70.67 per cent copper, 26.79 per cent lead, 
“ 2.35 per cent tin, showed a final seizure 
a load of 36 kilograms. 


Corrosion Tests 


A number of corrosion tests were run 
under standard conditions as prescribed by 


+ 


ant to corrosion. In only one test of the BS 
heat-treated 6 per cent thallium alloy was 
there appreciable corrosion. a 


Coed M. otors Tests 


The test material was a steel-backed _ 
silver-thallium alloy containing approxi- ; 
mately 1.8 per cent thallium. The silver- 
thallium alloy was fused directly to the 
steel and rolled and formed into half shells. 

The size of the test bearings was as 
follows: an 


Inside diameter, 2.0 + 0.0002 cae 
Outside diameter, 2.365 + 0.0002 inches 
Length, 1. a + 0.005 inches — 


The test consisted of 48 hr. of operation 
at a speed of 2500 r.p.m., a load of 2930 
{b. per sq. in. and a bearing temperature of 
300°F. Oil was fed to the bearings at a pres- 
sure of 35 lb. per sq. in. The test proper was 
preceded by a break-in period of 2 hr. at 
1700 r.p.m., 1350 Ib. per sq. in. and 3 hr. 
at 2100 r.p.m., 2060 lb. per sq. inch. 

No fatigue failure of the bond was ob- 
served. Comparative tests were run with 
pure silver. The pure silver was rather 
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the erratic seizing tendency of pure silver 
may be the cause of the difficulties that 
have been experienced with it. If this belief 
is correct, the silver-thallium alloys should 
perform better in service than pure silver 


SUMMARY 


1. The microstructure and _ physical 
properties of cast silver-thallium alloys 
containing up to ro per cent thallium were 
investigated. In order to obtain materials 


TABLE 3.—Results of Corrosion Tests 


‘Specimen No. 


al 


heavily filmed, presumably by a sulphide 
film, though in other respects the bearings 
were in excellent condition, apparently 
being scratched only slightly. The thallium- 
_ silver bearings were but slightly tarnished, 
though they appeared to be more heavily 
scratched than the silver bearings. How- 
ever, when the film was removed from the 
small portion of a silver and silver-thallium 
bearing, by the mild abrasive action of a 
pencil eraser, it was seen that there were 


as many large and deep scratches in one 
if bearing as in the other. The observations 
on filming may be indicative of differences 
in the performances of the two bearing 


- materials. Bearing tests indicated in Amsler 
seizure tests that when there is enough 
~ sulphur in the lubricant to cause silver to 
tarnish, the seizure load is greatly de- 
creased. It is, furthermore, possible that 


Analysis, Percentage of Elements 


Wt. Loss of Corro- 
sion, Grams 
Condition : 
Pi rates 
Tl In OS tho. | Plus Oleic 
Naptha- Acid 
nate 
As cast 
As cast 0.000 0.000 
As cast 0.002 0.003 
As cast 0.014 0.017 
As cast 0.009 0.012 
2.10 As cast 0,000 0.000 
4.07 As cast 0.001 0.000 
6.38 As cast 0.001 0.000 
9.84 As cast 0.001 0.000 
3.52 | 1.03 | As cast 0.001 0.000 
2.04 Anneal 2 hr. 575°C 0.001 0.000 
3.83 Anneal 2 hr. 575°C 0.000 0.000 
5.86 Anneal 2 hr. 475°C 0.004 0.000 
0.07 Anneal 2 hr. 475°C. 0.001 0.000 
2.84 | 0.99 | Anneal 2 hr. 575°C 0.000 0.000 


of true solid solution type, homogenizing 
treatments at 450° to 550°C. must be 
applied. 

2. Silver-thallium alloys can be obtained 
by electroplating from cyanide or perchlo- 
rate solutions. Homogenizing treatments 
of electroplated alloys eliminate internal 
stresses, preferred orientation and non- 
uniform grain size. . 

3. The diffusion of electroplated thallium 
into silver is improved by indium. Alloy 
layers containing 2 to 3 per cent thallium, 
of a depth of 0.003 in., are produced by 
carrying out the diffusion process at 600°C. 
for 6 to 12 hr. in hydrogen. 

4. Amsler seizure tests indicate that a 
2 per cent silver-thallium alloy has opti- 
mum antifriction properties. 

5. The Underwood corrosion test has 
established extremely low rates of corrosion 
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of silver-thallium alloys as compared with 
silver-lead or copper-lead alloys. 

6. Silver-thallium alloys containing 
about 2 per cent thallium passed the Gen- 
eral Motors bearing test without any signs 
of distress. 
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_ DISCUSSION 
"(P. A, Beck presiding) 


“© 


J. K. Anrsony.*—I believe that the 


author’s conclusions are sound, i.e., the silver- 
thallium alloys possess very low corrosion 


* Cleveland Graphite Bronze Co., Cleve- 
land, Ohio. 


ng 


rates; however, the data in Table 3 do not ~ 
bring this out nearly as strongly as could be 
hoped. The losses reported for alloys C and D 
are not nearly as high as are generally obtained _ 
in this procedure. I should like to hear a little — 
more about the exact conditions of the test in 
order to analyze more thoroughly the data 
presented. 


F. R. HENsEt (author’s reply).—The stand- 
ard Underwood test was used. Unfortunately, 
nobody in the bearing industry agrees on 
corrosion tests. The Shell Oil Co. and other 
oil companies have devised a number of corro- 
sion tests and further work along these lines is 
under consideration by the author. 


P. A. Beck.*—I think that Mr. Anthony’s 
remarks concern the low amount of corrosion, 
particularly in the oleic acid containing oil with 
ordinary copper-lead bearings. Such figures as 
17 and 12 mg. as are given here for the corro- 
sion of copper-lead bearings in the Underwood 
test are considered practically zero; for in- 
stance, by the Lubrizol Company, which makes 
most of these tests for the automotive industry. 
It considers corrosion tests of copper lead 
bad if the weight loss amounts to about 200 mg. 
or more. Under normal test conditions, and 
with an oil containing oleic acid instead of 
inhibitors, strong corrosion would have been 
expected. 

I have just one more question to ask of Dr. 
Hensel. Since the Amsler seizure tests and, in 
fact, all seizure tests, tend to be somewhat 
erratic, I wonder what the scatter of these data 
were? There are single figures given in the paper 
for each alloy in each condition, and I wonder 
whether the scatter in these tests has been 
determined. Assuming the usual amount of 


scatter, the question might be asked whether or 


not there was any considerable difference 
between the various alloys with respect to 
wear, Since the General Motors fatigue test and 
the Underwood corrosion test failed to show 
any improvement of the silver-thallium alloy 
bearings over plain silver bearings, I would ask 
Dr. Hensel whether there were any actual 
performance tests in engines that might show, 


in the field, that the silver-thallium alloy 


bearings are better than silver bearings. 


* Cleveland Graphite Bronze Gory eyes 
Ohio. 
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F. R. Henser.—In the General Motors 
tests, the surface area of the actual bearing was 
reduced in order to obtain heavier bearing 
loads and to simulate an application halfway 
between an automotive application and an air- 
craft application. The fatigue properties of 
silver thallium were found to be excellent. The 
bearings have not yet been tested in engines. 


P. A. BEck.—Silver usually is not considered 
lacking in fatigue resistance. 


F. R. Henset.—I agree that silver is an 
excellent bearing material from the standpoint 
of fatigue resistance. 


J. Patsuticn. *—In the homogenizing experi- 
ments on cast silver-thallium alloys, a fine grain 
structure was obtained (Fig. 7) by cold-working 
and subsequent heating for 2 hr. at 475°C. It is 


_interesting to note that a similar treatment of a 


pure silver bearing will result in a definite 
enlargement of grain size. 

Fig. 12 shows the effect of increasing per- 
centages of thallium on the electrical conduc- 
tivity of the cast alloy. Are these data for the 
alloy in the as-cast or homogenized condition? 
Is the information on the conductivity of the 
electroplated alloy given for the heat-treated 
condition ? 

A comparison of the plated versus the cast 
alloy indicates some interesting information. 
With 2.12 per cent thallium content, the as- 
plated alloy has a tensile strength 2.6 times 
that of the as-cast alloy while the heat-treated 
plated alloy has a tensile strength of 1.5 times 
that of the heat-treated cast alloy. The elonga- 
tion is approximately the same and the elec- 
trical conductivity is slightly lower for the 


= plated alloy. Curves for the plated alloys would 


be very useful, since it is probable that most 


bearings users would favor the plated as 
against the cast alloy. 

' Has the author been successful in achieving’ 
‘a satisfactory bond between the plated alloy 
and steel? How does this bond compare with 


that of silver plated on a steel back? On a 
production basis, how closely can the thallium 


content of the plated alloy be controlled? 


It is interesting to note that the maximum 


current density that can be used successfully 


* Wright. Aeronautical Conictetion: Pater- 


son, New Jersey. 
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to plate silver thallium is 5 amp. per sq. ft. This 
is relatively low compared with pure silver, 
wherein current densities of 30 amp. per sq. ft. 
are regularly used. 

The diffusion of thallium into silver, shown 
in Figs. 18, 19 and 20, indicates a positive 
gradient for a portion of the curves. Does the 
author have an explanation for this occurrence? 

The Amsler test-rig data are interesting but 
their practical value would have been enhanced 
considerably if the capacity of the test 
équipment had permitted the tests to be run to 
seizure on the polished shaft. The test on the 
ground shaft, however, does indicate a definite 
superiority of the plated silver-thallium alloy 
over’ the plated silver-lead and plated fine 
silver. It would be of interest to show the 
seizure loads on these alloys in the heat-treated 
state, since both silver and silver-lead have 
higher seizure resistance when heat-treated. 

The writer’s experience has indicated the 
necessity of evaluating two other character- 
istics of a material in order to obtain a fair 
comparison of its bearing properties; namely, 
its resistance to cavitation erosion and its 
ability to absorb foreign material in the oil. 


L. M. Ticuvinsky.*—It is known that there 
is a trend to develop new bearing alloys be- 
cause of a belief that the over-a-century-old 
babbitts are operating at their potential limits. 
One such development is presented in Dr. 
Hensel’s interesting paper. 

In studying the paper it is noted that only 
very thin layers, 0.003 in. and lower, of load- 
carrying silver-thallium alloy were investi- 
gated. In practice, heavy-duty bearings that 
operate under high cyclic pressures, such as 
3000 |b. per sq. in., have a lining 0.008 to 0.020 
in. thick. Experience showed that this range, 
or the average of 0.014 in., of lining thickness 
is desirable because of journal roughness and 
of the size of foreign nonmetallic (dirt) and 
metallic (weld splatters) particles, which, if 
trapped in the bearing clearance, should be 
completely embedded in the lining. Obviously, 
a very thin layer of bearing alloy will not 
comply with this important requirement of 
embeddability. 

It would be of interest also to obtain fatigue 
data by repeated pounding of the silver- 


* ‘American Bearing Corp., St. Louis, 
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“a thallium alloy of various thickness and compare 

Tek them with similar data for white bearing 
alloys, such as tin and lead-base babbitts, 
alkali-hardened lead, arsenical lead and 
cadmium-base alloys. 

It is believed that uniform nomenclature 
should be maintained and the hardness of the 
bearing alloy presented in Brinell numbers 
instead of Rockwell H scale, as shown on the 
graph, Fig. 1s. 

Since approved Underwood corrosion tests 
may be made for various duration, it is recom- 
mended to present final results as rates of corro- 
sion, grams per hour or grams per hour per 

square inch of bearing area. At what tempera- 
tures were the Underwood tests made? + 
It is known that high localized temperatures 
may be produced by wiping during semifluid 
_ lubrication; therefore, engine designers should 
bet know the melting points of bearing alloys, such 
as the values of solidus and liquidus given for 
various babbitts. It will be of interest to 
tabulate the melting points of the silver-thallium 
alloys for the range 0.48 to 10.07 per cent TI, 
as used in the author’s experiments. 
Continued study of this promising new alloy 
should be made, especially in connection with 
prolonged heavy-duty field testing. The latter 
will yield results that will form the final crite- 
rion of technological merits of the silver- 
“y x thallium alloy. Other considerations, connected 
with cost and mass production, will then follow. 


__ F. R. Hensex.—In reference to Mr. Palsu- 
Zz _lich’s comments, the data on electrical con- 
ductivity shown in Fig. 12 refer to alloys in the 
- cast condition. The values for the conductivity 
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of the plated deposits were determined in the _ 
as-plated condition. } 
The silver-thallium alloy in our experiments _ 
was not plated directly onto the steel, but onto 
a silver-base electrodeposit on steel. The silver- 6 : 
thallium layer was approximately 0.003 in. 
thick after finish machining. The tri-metal will 
withstand heating to 500°C. in a reducing 
atmosphere and the chisel test indicated good 
bond. The thallium content in the electroplated — 
alloy containing 2 per cent Tlis controlled to 
+o.5 per cent of thallium. 
The suggestions to determine the seizure 
loads of heat-treated electroplated silver- 
thallium alloys, as well as resistance to cavi- 
tation erosion and ability to absorb foreign 
materials in the alloy, are worthy and further 
experiments along these lines will be carried 
out. 
_ Mr. Tichvinsky questions the advisability 
of using very thin layers of electroplated 
silver-thallium. As pointed out previously, this  _ 
thin layer of silver-thallium is deposited on a — 
heavy layer of electroplated silver, which in 
itself is very satisfactory as a bearing material. 
The plating techniques developed permit the _ 
electrodeposition of heavier deposits for special _ 
bearing applications where thin layers would 
be unsatisfactory. $ 
With regard to the melting points of silver- 
thallium alloys, reference is made to the silver- 
thallium constitutional diagram, which gives 
an approximation of the temperatures at which _ 
liquid phases exist. The silver-thallium alloys 
are characterized by a rather wide separation of 
the liquidus and solidus curves. 


Vicalloy—A Workable Alloy for Permanent Magnets 


By E. A. NeEssittr* 
(Chicago Meeting, February 1946) 


THE important permanent-magnet alloys 
15 years ago contained carbon and de- 
pended upon it for their permanent- 
magnet properties. In recent years great 
advances have been made in a number of 
new alloys substantially free of carbon. 
These include Remalloy,! an alloy of iron, 
cobalt, and molybdenum, the various iron- 


- nickel-aluminum alloys of the Mishima? 


type, and the more recent Alnico V* in 
which the best properties are developed 
by heat-treating in a magnetic field. The 
Mishima and the Alnico types of alloys 
are very brittle and after casting must be 
ground to size. This article describes a 
permanent-magnet material‘ that can be 
machined as cast, and when handled with 
some care can be rolled to thin sheet and 
drawn to fine wire. Optimum magnetic 
properties are developed by a simple heat- 
treatment, and at this time the ductility 
of the alloy disappears. If the cast alloy is 
heat-treated without cold-working the mag- 


netic energy product is about 1.0 X 10%. 


This material is called Vicalloy I (pro- 
nounced vicalloy, V for vanadium, J for 


iron, and C for cobalt). When the alloy is 


first hot-worked and then considerably 
reduced in area by cold-swaging, drawing 
or grooved rolling, it is found that after 
heat-treatment the magnetic energy prod- 


~ uct measured in the direction of previous 
extension can be increased to 2.0 to 


3.5 X 10% These higher values have been 


Manuscript received at the office of the 


Institute Sept. 4, 1945. Issued as T.P. 1973 in 


_ Metats TECHNOLOGY, February 1946. 


* Bell Telephone Laboratories, Murray Hill, 


New Jersey. . 
1 References are at the end of the paper. 


obtained only after reductions in area of 
75 to 95 per cent, and since the material 
hardens considerably during working, the 
reduction ordinarily can be accomplished 
only in fine wires, although larger sizes can 
be reduced by the use of powerful machin- 
ery. When the material has been cold- 
worked in such a manner as to improve its 
energy product substantially, it is called 
Vicalloy II. 

Commercial use of Vicalloy has been 
made in the recording of speech. Tape 
0.002 by 0.050 in. has. been found superior 
in quality to all others tried, and is now 
used in the Western Electric Mirrorphone.® 
In a variety of forms Vicalloy-I or II is 
useful in many laboratory instruments, and 
in experiments in which the sizes and 
shapes required cannot be obtained with 
the other more brittle permanent-magnet 
materials. 

In 1936, during a study of other age- 
hardening magnetic systems, it occurred 
to the author that some of the iron-cobalt- 
vanadium alloys might be suitable for 
permanent magnets. The proportions of 
iron, cobalt, and vanadium were varied 
and a range of alloys of particular interest 
was found, as shown by the indicated area 
in Fig. 1, The limits of this range of com- 
position are 30 to 52 per cent iron, 36 to 
62 per cent cobalt, and 4 to 16 per cent 
vanadium. The compositions indicated by 
points outside this area were also tested. 


PREPARATION AND PROPERTIES OF 
VICALLOY I 


The alloys were usually cast in graphite 
molds into bars 34 in. in diameter and 
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about 20 in. long. Some of the castings 
were swaged hot to }4-in. diameter. By 
quenching at a high temperature and 
aging at a lower temperature, the best 
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VICALLOY—A WORKABLE ALLOY FOR PERMANENT MAGNETS —_{. 


In Table 1 are given results of magnetic 
measurements for this composition on a 
84-in. bar after it had been given several — 
heat-treatments. 


These heat-treatments 
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L\ 
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PER CENT ASAE: 


Fic. 1.—COMPOSITIONS TESTED. 
Indicated area shows range of composition extensively explored. 


permanent-magnet properties were devel- 
oped in an alloy containing about 38 per 


TABLE 1.—Magnetic Measurements on 34- 
inch Bar Y 

COMPOSITION: 37.2 PER CENT FE, 52.9 Co, 
9.4 V, 0.6 St (By ANALYSIS) 


Heat-treatment 
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As cast . bippaes OMG, ana 16,250 
B Hrrat G00° Cs issn ecu tas 14,100 
20 min. a peti ok Quenched 

AD OIL ahh Satis Pole teenage 18,300 
Sur, Bt COO Cis v.05 cus cine. 16,160 
1 hr. at rae oe Furnace 

cooled.. atts 18,650 
@ Nrisat GOOP Cw sulle tee oe 15,850 


cent iron, 52 per cent cobalt, 
cent vanadium. 


and Io per 


were all applied to the same bar in the 
order listed. 

After the best heat-treatment the bar 
had a residual induction of gooo gausses 


and a coercive force of 300 oersteds with 


a maximum energy product (BH)m of 
1.0 X 10. Curves for the corresponding 
demagnetization and energy products are 
shown in Fig. 11, curve 3. The values of © 
B, and H, for this bar show that an anneal 
may be substituted for a quench; i.e., the - 
material may be cooled slowly or rapidly 
from the high temperature. After the 


quench or anneal, it is necessary to age the 
bar at 600°C. to obtain the permanent-~ 


magnet properties. This is a unique result 
among permanent-magnet alloys of the 
age-hardening class in that the first heat-— 


treatment may involve slow cooling, bh a 


tends to pike equilibrium conditions. | 
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Because this alloy may be cooled slowly 
as part of its heat-treatment, pole tips 
made from soft material (usually slowly 
cooled) may be welded to the magnet and 
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within this range. The residual induction 
decreases slightly with increase in quench- 
ing temperature but this is offset by a 
small increase in coercieve force. The fore- 
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Fic. 2.—VARIATION OF MAGNETIC PROPERTIES WITH QUENCHING TEMPERATURE. 


the magnet and pole pieces may be heat- 
treated together. Thus the usual deleterious 
effects of welding pole tips to magnet after 
heat-treatment are avoided. 

A 34-in. bar of the same composition was 
swaged hot to % in., and a series of tests 
was made to determine the effect of varying 


‘the quenching temperatures from 1300° to 


Fic. 3.—VICALLOY WIRE, }g-INCH DIAMETER, TWISTED COLD AFTER COLD-WORKING. 


750°C. The results are shown bon me, A, 
- After quenching, the specimens were held 


at 600°C. until the best properties were 
obtained. Fig. 2 shows that there is an 
optimum temperature range for quenching, 
extending from 800° to 1300°C., but that 
750°C. lies outside this range. The final 


i guality of the Sree varies only slightly 


going data show that this alloy is exceptional 
in having a wide range of quenching tem- 
peratures, a low minimum quenching tem- 
perature, and great flexibility in rate of 
cooling. 

The results cited thus far show that 
Vicalloy has magnetic properties similar 
to those of the well-known Honda steel 


(36 per cent Co, 4 W, 2 Cr, 0.8 C, 0.3 Mn, 
bal. Fe) but that its mechanical properties 
before the final heat-treatment are superior 
to other alloys of comparable magnetic 
strength. This is very important because 
most commercial magnets of good quality 
must be ground, and cannot be cold- 
worked. Fig. 3 shows a Vicalloy wire of 
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1g-in. diameter that was twisted cold after 
cold-working. The iron-nickel-copper alloys 
of Neumann, Buchner and Reinboth® are 
mechanically soft and also will yield a 


38FE-52CO-10V 


fe) 
300 200 100 0 
H BH x 10-6 


a 


Fic. 4.—CoMPARISON BETWEEN SPECIMENS THAT HAVE BEEN DOUBLE HEAT-TREATED (CURVES 
2 AND 4) AND SPECIMENS THAT HAVE BEEN COLD-WORKED FOLLOWED BY HOLDING AT 600°C. (CURVES 


I AND ae SHOWING SUPERIORITY OF LATTER. 


maximum energy product of 1.0 X 108. In 
order to attain this energy product these 
alloys are normally quenched, cold-rolled 
about 75 per cent, and finally aged. 


VicaLLoy II 


In experimenting with a Vicalloy speci- 


men (38 per cent Fe, 52 per cent Co, 


1o per cent V) that had been reduced a 
few per cent by cold-swaging, it was noted 
that the material had a slightly higher 
energy product.’ This was obtained merely 
by heat-treating after the working without 
any intermediate annealing or quenching. 
By using this same procedure but increas- 
ing the degree of cold-working on a given 
alloy instead of using the double heat- 
treatment, the residual induction was 
increased and the coercive force decreased; 
and the demagnetization curve obtained 
was so changed in shape that the maximum 
energy product (BH), was materially in- 
creased. A fullness factor, (BH) m/B,H., as 
high as 73 per cent has been measured. 


- The methods of cold-working that produce 


elongation such as swaging, rolling between 
grooved rolls, and wire drawing are more 
effective than flat rolling, which usually 


permits spreading. If the cold-worked 


specimens are heated above 800°C. the 
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effect of cold-working is removed; that — 
is, the magnetic results are about the same 
as on hot-worked samples. Examples of © 
the effect of cold groove rolling are shown ~ 


36FE-53CO- 11V 
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in Fig. 4 for specimens containing 38 per _ 


cent iron, 52 per cent cobalt, 10 per cent 
vanadium, and for those with 36 per cent — 
iron, 53 per cent cobalt, and 311 per 
cent vanadium. In this figure the curves 
for demagnetization and energy product 
are shown for these two compositions for 
specimens quenched and aged, and for | 
specimens merely aged after a cold reduc- 
tion of 75 per cent in area of cross section. 
By the latter method (BH) for the 10 
per cent vanadium alloy is increased 
39 per cent over that obtained with the — 
double heat-treatment. In the alloy con- — 
taining 11 per cent vanadium the (BH) mis — 
increased g5 per cent. A further addition — 
of vanadium makes the improvement even 
greater, as will be shown by later curves. 
In Table 2 are listed results obtained after 
cold elongation of a number of Vicalloys 
ranging from 8 to 14 per cent vanadium. 
The final treatment was holding for one 
or more hours at 600°C. 

This table shows that the final energy — 
product increases with increase in vana- — 
dium up to 14 per cent. The progressive 
effect of cold elongation on the maximum 
energy product for the compositions listed _ 
in Table 2 is shown by the curves in Fig. 5. _ 
In general the rate of increase of (BH)m 


\ 


A 
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with reduction in area becomes greater 
with increase of vanadium content. Al- 
though Vicalloy with 14 per cent vanadium 
is almost nonmagnetic before it is cold- 
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tion on the energy product of the 14 per 
cent. vanadium alloy is exhibited in Fig. 7. 
In Fig. 8 curves are shown for 4 and 14 
per cent vanadium alloys, the first showing 


° 10 20 30 40 


worked, this alloy yields an energy product 
of 2.8 X 108 after a cold reduction in area 


of 95 per cent and aging at 600°C. for a 


wire of 0.038-in. diameter. Fig. 6 shows 
the curves for demagnetization and energy 
product for successive stages of elongation 
of the alloy containing 8 per cent vana- 
dium. The exceptionally large residual 
induction of 14,200 gausses shown in 
Fig. 6 occurs with a coercive force of 130 
oersteds. The striking effect of cold elonga- 
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Fic. 5.—VARIATION OF MAXIMUM ENERGY WITH PERCENTAGE OF COLD REDUCTION IN AREA. 


a residual induction of 18,000 gausses and 
the second a maximum energy product of 
3.56 X 10°. These are the highest values 
obtained on the Vicalloy series. 


DIRECTIONAL PROPERTIES 


‘The magnetic properties just discussed 
were all measured in the direction in which 
the specimen was elongated during mechan- 
ical working. At right angles to this direc- 
tion the permanent-magnet properties are 


TABLE 2 


Attempted 
Composition 
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¢ The flux density r f ; 
the maximum magnetic energy available for external use as in an air gap. 


% Cold groove-rolled. 
¢ Cold-swaged. 
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Magnetic Properties* 


Reduction 
Diameter in 
Inches 


Reduction 
in Area, 
Per Cent 


Ba and the magnetizing force Ha are for the maximum energy product (BH) m, which is 
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Fic. 6.—EFFECT OF COLD GROOVE ROLLING ON MAGNETIC PROPERTIES OF VICALLOY. 
Composition: 38.5 per cent Fe, 53.5 Co, 8 V. Bar, 34-in. dia., was hot-swaged to 14-in. dia., 
then reduced cold to }4-in. dia. Specimens were tested at 14, 14, and }¢ inch. 
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ty Fic. 7.— EFFECT OF WIRE DRAWING ON VICALLOY. ie ae 
Composition: 34 per cent Fe, 52 Co, 14 V. Cold reductions were followed by holding at 600°C. 
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~ inferior. The directional properties of 
Vicalloy after rolling cold and holding at 
600°C. are shown in Fig. 9 for a specimen 
containing 35 per cent iron, 54 per cent 
pepe a2) 
= Pas 
=o JS a ee 
eee ar] 
| See 
ee PE i BR eae 
JSSGee2 amie, 
; 8000 = bea 
2 6000) 


NESBITT 


Babe 
ee re ee es otal 
peipoawe Slavs 


421 


and then stacked together and again 
measured longitudinally. This result is 
shown by curve 2, and the lower values 
are due to the effect of the air gaps intro- 


1.040” DIA. SAMPLE OF 44FE-52 CO-4V 
87 % COLD REDUCTION +600°C BAKE 
2. .006’ DIA. SAMPLE OF 34 FE-52CO-14V 
98Z COLD REDUCTION + 600°C BAKE 


Fic. 8.—HIGHEST VALUE OF RESIDUAL INDUCTION AND ENERGY PRODUCT OBTAINED ON VICALLOY 
© SERIES. 
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Fic. 9.—DIRECTIONAL MAGNETIC PROPERTIES OF COLD-GROOVE-ROLLED VICALLOY AFTER AGING 


at 600°C. 


cobalt, 11 per cent vanadium. Curve 1 
shows the longitudinal properties of a 
solid bar 34g in. square. After this test was 
2 made the bar was cut into 3{¢-in. cubes 


duced. The same pieces were then stacked 
together so that their properties could be 
measured in a direction at right angles to. 
the direction of cold elongation. Curve 4 


shows the aile of this test. The coercive 
force is about the same in both directions, 
but the residual induction and energy 
product are much lower in the transverse 
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maintain all the high-temperature alpha a 
phase on cooling to room temperature. At — 
room temperature it is then in a super- — 
saturated condition. For best permanent- — 
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Fic. 10.—COoMPARISON OF TYPICAL PHASE DIAGRAM (a) FOR DISPERSION-HARDENING PERMANENT- 
MAGNET ALLOYS WITH THAT FOR VICALLOY (8). 


direction. A contrast of the properties 
obtained in the longitudinal and transverse 
directions is shown by the difference 
between curves 2 and 4. 

Measurements on flat cold-rolled mate- 
rial of the same composition are also 
shown in Fig. 9, curve 3, which lies about 
halfway between the curves taken in the 
longitudinal and transverse directions for 
the 3{,-in. square material. Flat cold- 
rolling that permits spreading produces 


~ small directional effect, and does not yield 


the high energy product produced by the 
other methods of cold-working. Cold- 
swaging, cold groove-rolling, and wire 
drawing produce a much more marked 
effect on these alloys. In other words, 
methods of working that cause elongation 


rather than spreading are most effective. 


PHASE STRUCTURE 


The behavior of Vicalloy may be better 
understood by considering the consti- 
tutional diagram of the iron-cobalt-vana- 
dium system and contrasting it with the 
diagrams of some other system such as 
iron-molybdenum. The latter may be 


- considered typical of an age-hardenable 


alloy used as a permanent magnet. As 
shown in Fig. 10a, this alloy of composition 
X must be quenched from some tempera- 


ture above the solubility curve AC to 


magnet properties, the alloy is raised to 
an intermediate temperature below the 
solubility curve and a small quantity of 
the low-temperature gamma phase pre- 
cipitates. The alloy then consists of a 
small amount of the low-temperature 
phase dispersed in a matrix of the high- — 
temperature phase. ic 

The diagram of Fig. 10d is given by 4 
Koster and Lang® for iron-cobalt-vanadium 
alloys. According to this, when an alloy of 
9.5 per cent vanadium is in equilibrium at 
room temperature, it consists entirely of the — 
low-temperature phase. X-ray photographs 
taken in these Laboratories of specimens 
(14-in. dia. by 12 in. long) containing 9.5 
per cent vanadium showed almost exclu- 
sively lines attributable to the low-tem- — 
perature alpha phase, when the specimens 
were either quenched (1000°C.) or slowly 
cooled. High coercive force was produced 
by raising the temperature of the alloy — 
to the two-phase region (e.g., 600°C.) and 
holding there for an hour or more, thus 
permitting a small amount of the high- 
temperature gamma phase to disperse in a 
large amount of the low-temperature 
alpha phase. This situation is thus the © 
reverse of that in the iron-molybdenum | 
system. ~ 

When the vanadium content was rr to "2 
14 per cent vanadium, the alloy upon — 
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cooling to room temperature was found to 
contain some of the high-temperature 
phase. After the cold reduction, however, 
phase 


. only the low-temperature was 
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other existing permanent-magnet alloys, 
and this difference can readily be under- 
stood in terms of the constitutional diagram 
of the system. 
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Fic. 11.—CoMPARISON OF VICALLOY 


' present in any considerable proportion. 
These higher vanadium alloys were then 
hardened by holding at 600°C. after the 
cold reduction. : 


ty The cold-working has an advantageous 
effect in all of these alloys in addition to 
: bringing about the phase transformation 

~ just mentioned. It appears to produce an 
orientation of the crystals that increases 
| _ the residual induction and the maximum 
energy product in the direction elongated. 
This effect is easily noticed in Fig. 4, 
especially Fig. 4b, and in Figs. 6 and 7. 
_ X-rays confirmed the fact that increasing 
__ preferred orientations accompanied in- 
‘ 


creased elongations. 
From the foregoing it is evident that 
Vicalloy is fundamentally different from 
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WITH COMMERCIAL PERMANENT ALLOYS. 


PRECAUTIONS IN MELTING AND 
FABRICATING 


Best magnetic properties were obtained 
on Vicalloy when the interstitial impurities 
were reduced to a minimum. Small amounts 
of aluminum are harmful to the final mag- 
netic properties and should be kept under 
0.3 per cent. Care should be taken in the 
selection of the ferrovanadium used to 
introduce vanadium in the melt, as com- 
mercial grades may contain aluminum in 
undesirable amounts. A small quantity of 
manganese (0.3 per cent) was usually 
added to our melts to take care of the free 
sulphur. 

For drastic reductions to small cross - 
sections, such as that of the 0.002 by 
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0.050-in. tape used in magnetic recording,® 
great care must be exercised in melting 
and casting to avoid oxide inclusions, 
blowholes, cracks and pipes in the ingot. 
Any such imperfections may be carried 
on through and cause difficulties in the 
final reductions in thin tape or fine wire. 
A horizontal mold has been used success- 
fully to prevent such troubles in small 
castings. The material for tape is cast in 
graphite molds, hot-swaged at 1000°C., 
cold-rolled to size, and heat-treated. 
During cold-working the alloys work- 
harden rapidly. The hardness may rise 
from 30 to 40 on the Rockwell C scale 
during a cold reduction of 50 per cent in 
area. The material has been drawn on a 
standard commercial bench from 0.33 to 
0.16-in. diameter without intermediate 
anneals. The following data for a specimen 


‘of Vicalloy II (37.5 per cent Fe, 52 Co, 


10.5 V) shows the variation of hardness 
for several treatments, which were applied 
in the order listed: 
ROCKWELL 
TREATMENT HARDNESS 
30 min. at 1000°C. Quenched in oil.. 20 
60 per cent reduction in area by 
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COMPARISON WITH OTHER 
PERMANENT-MAGNET ALLOYS 


Fig. 11 gives a comparison between these 
alloys and commercial permanent mag- 
nets. Vicalloy I refers to the 9.5 per cent 
vanadium alloy, which does not depend 
on cold-working to raise its energy product. 
This alloy can be rolled, machined, 
punched, tapped and drilled. The maximum 
energy product of the alloy (1.0 X 10°) is 
about the same as that of Honda steel or 
Remalloy and is inferior to Alnico II. 
Vicalloy II refers to the 13 per cent 
vanadium alloy, whose best magnetic 


properties are obtained by cold elongation 


plus heat-treatment. This alloy has an 
energy product of 3.5 X 10° in a 0.006-in. 


diameter wire and an energy product of 


1.74 X 10%in a 34¢-in. square section, both 


of which are higher than Alnico II. The 
high energy product is accompanied by : 
a high residual induction and a demagneti- _ 
zation curve of unusual shape, having a 
relatively high, sharp bend. 

The more recent Alnico V has a higher 
magnetic energy product than any of those 
mentioned above. This alloy, known 
abroad as Ticonal, has an energy product 
of 4.5 to 5 X 10%, attained by heat-treat- 
ment in a magnetic field. Although for 
many purposes this alloy is unsurpassed, 
it still is limited in application because it 
is not machinable and must be ground to 
shape. The usefulness of the Vicalloys 
rests on their superior combination of mag- 
netic and mechanical properties. 


SUMMARY 


A new permanent-magnet material has 
been developed with unusual working as 
well as magnetic properties. Specimens 
that have been cast or subjected to a small 
amount of hot reduction by rolling or 
swaging may be machined, punched, 
tapped, or drilled. After being either 
quenched, annealed, or given the usual 
cold finishing passes and then heated for 
2 hr. at 600°C., such materials have a 
magnetic energy product of 1.0 X 10%, 
about the same as Honda steel. The pre- 
ferred composition for Vicalloy I is 38.5 
per cent iron, 52 per cent cobalt, and 
9-5 per cent vanadium. Vicalloy II is 
produced by severe cold reduction of the — 
material after hot-swaging. Following a 
cold reduction of 75 to 95 per cent and a 
subsequent simple heat-treatment, the 
energy product is 2.0 to 3.5 X 10°.- The 
preferred composition for Vicalloy II is 
35 per cent iron, 52 per cent cobalt, and 
13 per cent vanadium. 
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A Study of the Behavior of Rutheniopalladium in Torch Flames, | 
with the Object of Improving Soldering Technique 


By R. H. Arxrnson* Anp G. P. Grapis* 


(Chicago Meeting, February 1946) 


PaLLADiIuM has been used for jewelry 
for many years, particularly in conjunction 
with gold. This use increased in amount 
during the war, as palladium and gold were 
only moderately used for war purposes 
while demands for platinum and some of 
the other members of the platinum group 
were so great that their use in jewelry 
was prohibited. Palladium hardened with 
a small percentage of ruthenium has the 
necessary technical properties and appear- 
ance for good jewelry, and it is sufficiently 
rare to be desirable for luxury items—at 
least 100 times as rare-as gold. 

Although both visual and _ spectro- 
photometric examination demonstrated 
that the color of palladium was almost the 
same as that of platinum, a few jewelers 
found the surface of palladium, even after 
some polishing, rather dark in areas that 
had been repeatedly heated during the 
soldering necessary to assemble certain 
types of handmade ornaments. This 


phenomenon is not to be confused with the 


thin, bluish oxide film that can be produced 
by heating in air over the range 400° to 
800°C., as that film is easily reduced by 
dipping in warm 5 per cent formic acid or 
in warm methanol. 

It was suspected that the difficulty arose 
from heating in atmospheres that were 


alternately oxidizing and reducing, as 


Manuscript received at the office of the 
Institute Nov. 10, 1945. Issued as T.P. 1982 in 
METALS TECHNOLOGY, April 1946. 

* Research Metallurgist and Research Chem- 
ist, respectively, The International Nickel Co., 
Inc. Research Laboratory, Bayonne, N. J. 
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Wise and Vines! had found that this | 5 
opened the grain boundaries of palladium _ 
and palladium-silver alloys in the same 
manner as in pure silver, as reported by 
Martin and Parker. This damage is 
caused by the reaction between oxygen in — 
solid solution in the metal, acquired when 
heated under oxidizing conditions, and 
hydrogen diffusing in from subsequent 
heating under reducing conditions; the 
steam cannot diffuse out and therefore 
builds up sufficient pressure to disrupt 
the metal near the surface. Copper and 
various other metals can be damaged 
similarly, but platinum is nearly immune; 
therefore the problem was new to the 
platinum jeweler. Sulphur in the fuel gas _ 
also can cause trouble but did not appear — 
to be dominant in the present instance. 
Metallographic examination of both 
pure palladium and ruthenium-palladium | 
showed that the usual torch using oxygen 
and city gas as normally operated did in | 
fact cause the surface and subsurface 
damage that had been observed, and also 
disclosed that a reducing flame caused 
more damage than an oxidizing flame and 
was very damaging even in the absence of 
any intentional swing in atmosphere from 
oxidizing to reducing (Fig. 7); besides the — 
surface damage, there was serious loss of 
ductility. A full explanation of the mecha- 
nism of attack is not evident at the 
moment, but may be allied to the attack — 
that occurs on heating catalytically active 
metals in nonequilibrium atmospheres. 


1 References are at the end of the paper. 
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A detailed examination of the effect of 
torches fed with various fuel gases and 


__ operated reducing, ‘‘neutral” and oxidizing 
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was instituted, which showed that the oxy- 
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inferior to the oxyacetylene. An oxidizing 
oxyhydrogen flame was fair, but a reducing 
oxyhydrogen . flame .-was.- rather poor. 
Oxy-city gas, even when oxidizing, was 
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Fic. 1.—EFFECTS OF VARIOUS TORCH FLAMES ON RUTHENIOPALLADIUM. 


aeylene flame produced the least damage 


and was particularly good when operated 
“neutral” or: slightly oxidizing (Fig;22). 


- Air-acetylene ‘flames were only slightly 


inferior to oxyacetylene and was extremely 
bad when operated under reducing con- 
ditions. These relations are summarized 
in Fig: 1. £9 Meee G4: 
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Practical plant trials have confirmed 
the virtues of the neutral or slightly oxidiz- 
ing oxyacetylene flame for soldering palla- 
dium with platinum solders melting as 
high as 1400°C. In the absence of other 
facilities, the same type of flame can be 
used for annealing small parts also. This 
procedure almost completely eliminates 
the surface damage that may be expected 
to occur with flames of other types. 


MATERIALS AND EQUIPMENT 


A laboratory sample of 4.5 per cent 
rutheniopalladium (melt No. 1170) was 
used for most of the tests in which the 
effects of different torch flames were 
investigated. This alloy -was prepared 
from commercially pure palladium sponge 
and ruthenium powder. The pure metals 
were melted in an induction furnace, in a 
sand crucible, lined with zircon cement; 
the alloy was deoxidized with commercial 
carbon monoxide and cast into a graphite 
mold of 3é-in. diameter. The small ingot 
was cold-rolled to strip 0.020 in. thick, 
with four intermediate anneals in helium 
at 1100°C. for 30 minutes. 

All important results were confirmed 
with commercial samples of 4.5 per cent 
rutheniopalladium made by two different 
refiners; these two samples will be referred 
to as “commercia) A” and ‘‘commercial 
B” in this report. A small, commercial 
oxyacetylene welding torch with replace- 
able tips was used because of the need for 
close control of the temperature and size 
of flame. Tips with orifices 0.4, 0.9, 1.0, 
1.3 and 2.0 mm. in diameter, respectively, 
were chosen for the various gas mixtures 
to obtain comparable flame conditions. 
For instance, with the very hot oxy- 
acetylene torch a small flame was neces- 
sary, in order to avoid overheating the 
samples, whereas with the cooler oxy-city- 
gas and oxyhydrogen flames, especially 
if reducing, large flames, necessitating 
large orifices, were used to raise the samples 
to the desired temperature. The gas 
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mixtures selected for the tests were oxy-city 
gas, borated oxy-city gas, oxyhydrogen, 
oxy-carbon monoxide, oxyacetylene* and 
air-acetylene.* Oxy-city gas is the mixture 
now used by the jewelers in general for 
their soldering operations and the other 
gases were examined with the object of © 
finding a gas mixture that would not 
impair the ductility of palladium heated 
in it. 

Preliminary tests showed that the type 
of flame employed (i.e., oxidizing, neutral, 
or reducing) was very important. With 
oxyacetylene, the reducing—commonly 
called carburizing—flame is produced by 
burning an excess of acetylene. It can be 
recognized by the secondary luminous 
cone of a distinctly greenish color surround- 
ing the white inner cone and extending 
into the outer envelope. The neutral flame 
has a well-defined white inner cone without 
any greenish tinge of acetylene at its tip. 
The oxidizing flame has a shorter and more 
sharply defined inner cone, which is less — 
luminous. With oxy-city gas, oxyhydrogen, 
and oxy-carbon monoxide the differences 
between reducing and oxidizing flames 
are not so clearly defined because only 
one cone appears within the flame envelope, 
and it is impossible to recognize a neutral 
flame by appearance. An excess of oxygen 
produces a short, sharply defined cone 
while a deficiency in the supply of oxygen 
produces a longer and broader inner cone. 


Test METHODS 


The test samples, }4 by }¢ by 0.020 in., 
were prepared from cold-rolled 4.5 per cent 
rutheniopalladium strip that had been. 
annealed in helium at 1100°C. for 30 min 
and water-quenched. A sample was first 
given one go° bend in the vise (see later) 


and was placed on the bottom of an in- 


verted alundum combustion boat with the 
bend of the specimen upward. The torch 


* The acetylene tank was nearly full, per- 
cluding any possibility of interference by sol- 
vent acetone, which becomes a factor when a 
tank is nearly empty. 
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‘was clamped in position to direct the flame 
‘at the bend of the sample from above at 


about a 45° angle. The bend was about 
4 in. away from the tip of the inner cone 
for the reducing flame and 34 to1in. away 


from the inner cone of the oxidizing flame 


and about the same distance from the inner 
cone of the neutral flame.* The temperature 
of the flame at the position of the sample 
was maintained at 1200°C. by checking 


with a platinum-rhodio-platinum thermo- 


couple. To simulate the conditions of 
alternate heating and cooling that occur 
during soldering operations, the sample 
was heated in the torch flame for 45 sec., 
and then removed and allowed to cool in 
air for 45 sec. This cycle was repeated 10 
times. At the completion of the 1o cycles 
the sample was allowed to cool to room 


- temperature before the bend test was 


begun. Several tests for hot shortness 
were made by rapidly pressing down on the 


~ bend of a sample while it was at 1200°C. 


at the finish of the 10 cycles. There were 
also modifications of the regular 1o-cycle 
run, such as water-quenching or cooling 
in city gas between heating periods instead 
of cooling in air, and continuous heating 
for the same total heating time instead of 
intermittent heating. 

After the flame test each sample was 
clamped in a small vise, provided with 
jaws rounded to a radius of 0.15 in., and 
bent by hand backward and forward 


through an angle of 180° until it broke. 


The number of bends (180°) was counted. 
The broken pieces were freed from super- 


ficial palladium oxide film by a short 


immersion in warm 5 per cent formic acid 
and the appearance of the surface was 


“assessed: i.e., bright, semimat or mat. 


The assessments are purely relative, but 
it was thought worth while to make them 


- because of the importance attached to a 


good color in a metal used for settings for 
diamonds. Representative samples were 
then mounted in lucite for microexamina- 


* Neutral flame only used with oxyacetylene. 
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tion of sections at right angles to the heated 
surfaces; all samples were etched electro- 
lytically in 5 per cent sodium cyanide 
(5 volts a.c.). 


EFFECT OF DIFFERENT ToRCH FLAMES 
ON RUTHENIOPALLADIUM 


Results and observations are given in 
detail in Table 1 and are summarized 
graphically in Fig. 1. The micrographs of 
Figs. 2 to 11, to which the results of the 
bend tests have been appended, summarize 
the effect of the three principal flames— 
oxyacetylene, oxy-city gas and oxyhydro- 
gen—on rutheniopalladium. 

Oxyacetylene.—Irrespective of the type 
and size of the flame, oxyacetylene did 
not affect the ductility of the samples 
except when the flame was strongly 
reducing, when it caused a slight loss of 
ductility (Table 1). All samples heated in 
oxidizing or neutral oxyacetylene flames 
remained bright but those heated in the 
reducing flame became mat. Microexamina- 
tion revealed that samples heated in neutral 
or oxidizing flames (Figs. 2 and 4) had not 
been affected in any way although samples 
that had been heated in a reducing flame 
showed some surface deterioration to a 
depth of 0.5 X 107% in., but no inter- 
granular fissures (Figs. 3 and 5). 

Air Acetylene was not quite as good as 
oxyacetylene. Although ductility was well 
maintained in both oxidizing and reducing 
flames, there was some loss of brightness 
accompanied by the formation of slight 
subsurface porosity. 

Oxy-city Gas.—Samples heated in the 
oxidizing flame remained ductile, had a 
bright or semimat appearance and were 
free from porosity or intergranular fissures . 
(Figs. 6 and 8). Samples heated in the 
reducing flame showed serious loss of 
ductility and had a mat appearance, and 
microexamination revealed subsurface mi- 
croporosity with intergranular fissures 
to a depth of 3 X 10~*in. in the laboratory 
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samples (Fig. 7) and 1.5 X 107% in. in the 


commercial samples (Fig. 9). 
In order to get the best results with 


the oxidizing oxy-city-gas flame, certain 


_ hence more voluminous flame, 


lowered the 


se) 


GE 


precautions must be observed, the total 
effect of which limits its usefulness. For 
instance, samples heated with a torch 
having an orifice of 2-mm. diameter, and 
showed 
lower bend-test values than similar samples 
heated in smaller flames obtained with 
orifices 0.9 and 1.0 mm. in diameter, 


respectively (Table 1). Also, placing a 
sample too near the tip of the inner cone 
of an oxidizing flame caused serious loss 
of ductility accompanied by porosity and 
_ intergranular fissures (sample 88, Table r). 
- Cooling in city gas instead of in air did 


not further affect the ductility of ruthenio- 


~ palladium but it caused deterioration of 
the surface, probably due to carbonizing; 


quenching in water instead of cooling in air 
ductility, and continuous 
heating appeared to damage the metal 


5 more than intermittent heating. 


Palladium behaved similarly to ruthenio- 


palladium; in the reducing oxy-city-gas 
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flame the pure metal became seriously 
embrittled and acquired a mat surface 
accompanied by a porous subsurface zone 
0.6 X 107% in.‘ deep, with a few inter- 


Fic. 10.—RUTHENIOPALLADIUM (NO. 1170) HEATED IN OXIDIZING OXYHYDROGEN FLAME. DUCTIL- 
ITY: 18-19 BENDS. 
Fic. 11.—RuTHENIOPALLADIUM (No. 1170) HEATED IN REDUCING OXYHYDROGEN FLAME. DUCTIL- 
ITY: 4 BENDS. 
Both X soo. Electrolytic etch (a.c.). External surface at top. 


granular fissures deep inside the metal). 
in the oxidizing flame the metal suffered 
only slight loss of ductility and there was 
only slight subsurface porosity. 

A borated oxy-city-gas flame provided 
by passing the city gas through methanol 
saturated with anhydrous boric acid (boric 
anhydride) gave results that were identical 
with those already obtained for ruthenio- 
palladium heated: in the unborated oxy- 
city-gas flame, except that the layer of 
fused boric anhydride that formed on 
the heated surface helped to maintain 
brightness. 

Oxyhydrogen.—Samples heated in the 
oxidizing flame remained ductile, two out 
of three remained bright and all showed 
fine subsurface porosity (Fig. 10). Samples 
heated in the reducing flame were seriously 
embrittled and showed considerable sub- 


- surface porosity with intergranular fissures 


to a depth of 2.5 X 107% in. (Fig. 11), 
accompanied by loss of brightness. 
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Oxy-carbon Monoxide.—Samples heated 
in the oxidizing and reducing oxy-carbon 
monoxide flames behaved like those heated 
in the corresponding oxy-city-gas and oxy- 
hydrogen flames. Data have been omitted 
for the sake of brevity. 

Absence of Hot Shortness —The question 
arose as to whether loss of cold ductility 
was accompanied by hot shortness, espe- 
cially in metal heated in an oxy-city-gas 
flame, which contains significant amounts 
of sulphur compounds. Tests on samples 
heated in a reducing oxy-city-gas flame 
(severest of all tests) disclosed that the 
loss of cold ductility was not accompanied 
by hot shortness. 


EFFECT OF OXYACETYLENE FLAME ON 
SOLDERS 


Preliminary Soldering Tesis.—As jewelry 
manufacturers have used the same solders, 
the so-called platinum solders, and the 
same flame, oxy-city gas, for soldering 
palladium and its alloys as have been used 
for platinum, it might be assumed that 
this flame would not cause embrittlement 
of platinum solders and that the oxy- 
acetylene flame would be even less likely 
to do so. Nevertheless, as a precaution, 
the behavior of platinum solders in an 
oxyacetylene flame has been examined 
and a few soldering tests have been made. 

The platinum solders, obtained from 
Baker and Company, were in the form of 
o.o10-in. strip, and included a range of 
alloys with different melting points suit- 
able for the various soldering operations 
in the manufacture of palladium jewelry, 
as follows: 


GRADE OF SOLDER MELTING Pornt, Desa, C. 


Hard* OMINAL) 
ar a 
Les age generally used with 
ee a Hard*. 329} palladium 
DOLGey Sama nae I100 
Extra Soft... .. 1009 


* These solders are based on the palladium- 
gold series of alloys. Detailed compositions 
have not been published. 
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- the adjacent metal. 


The soldering test was pertormed! 
placing together two pieces of laboratory — 
rutheniopalladium (No. 1170), each 14 by ~ 
346 by o.oro in., on an alundum support — 
and laying small pieces of the solder on the — 
joining line, then heating with a neutral — 
oxyacetylene flame, using the small tip 
(orifice o.4-mm. dia.) until the solder — 
melted and covered the joint; this was 
repeated on the other side. A sample was — 
soldered without difficulty with each of 
the solders listed above. All the solders 
(including the hard and medium hard 
grades) flowed satisfactorily. The samples — 
were then given the regular cold-bend 
test, to determine the effects on the duc- 
tility of the metal. There was no evidence © 
of loss of ductility either at the joint or in — 


Samples of the 1400 (hard) solder were - 
tested after heating in oxidizing and 
reducing oxyacetylene flames, respectively. 
There was no loss of ductility of the solder — 
and microexamination disclosed that no 
impairment had occurred in either flame. 
Another piece of solder was cut in two by 
an oxyacetylene flame, welded together — 
again and tested for ductility; there was 
no embrittlement. 

These brief tests indicated that the oxy- 
acetylene flame can be used without fear — 
of bad effects on the regular platinum 
solders. Furthermore, experience shows 
that more use can be made of the hard 
solders, because the heat is confined to a — 
smaller area of the work and can be better — 
controlled. This will be an advantage 
because the soft grades are said to “burn a 
in oxidizing flames. 
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eae. DISCUSSION 


Ge DISCUSSION 


(C. S. Smith presiding) 


F. E. Carter.*—It is well known that the 
platinum metals react with carbon to form 


- carbides; it is not necessary to reach the melt- . 


ing points of the metals for the reaction to 
occur. Since the oxyacetylene flame was so rich 
~ in carbon, this has always been considered 
~ particularly dangerous to use for heating the 
_ platinum metals except with a flame that was 
distinctly oxidizing; preferentially oxy-city gas 
_ or oxyhydrogen has been used. The authors 
- have shown that the fear was unfounded, at 
least up to the welding or soldering tempera- 
- tures, and there can be little doubt that the 
- embrittlement is due to the reaction between 
_ dissolved oxygen and absorbed hydrogen. 
__ The paper gives a simple method for deter- 
_ mining ductility of a metal or alloy that may 
be usefully employed by the practical man. 
_ Since this is a good practical paper, it seems 
somewhat unfortunate that the impression may 
be gained that helium is necessary for the 
annealing atmosphere; it is true that the re- 
~ sults were confirmed with commercial samples 
of rutheniopalladium, but in these cases it is not 
clear whether or not they too were annealed in 
helium. I think it should be stated specifically 
that in commercial practice helium annealing is 
not essential. 
Since the paper states that the type of flame 
employed is very important, it might be well 
to give sketches of the different flames; the 
practical man would be happier to see, rather 
than to read, the structure of the oxidizing, 
neutral and reducing flames. 
As far as brittleness is concerned, the de- 
= scribed semiquantitative results apply only to 
samples of the thicknesses specified; however, 
_ the depth of the subsurface porosity is, as 
‘shown, slight and would affect the ductility 
only to a small degree with samples thicker 
_ than those described in the paper. With thinner 
- samples the differences in the results would be 
much greater than those given, indicating that 
x 


SPOS 


pS Sr 


the authors’ findings will be highly valuable 
when thin stogk is being handled. On the other 
hand, the surface appearance of the palladium 

is improved by the use of the oxyacetylene 


Newark, New 


%  *Baker Platinum Works, 
E: Jersey. 
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torch on any size of sample, and this is an 
observation that is well worth while. 


R. H. ATKrnson and G. P. Grapts’(authors’ 
reply).—All samples, including the commercial 
samples, were annealed in helium to remove 
free oxygen before they were submitted to the 
flame test. The authors did not intend to 
convey the impression that helium annealing 
should be used in commercial practice. 

The authors decided against including 
sketches of the different types of oxyacetylene 
flame and instead would refer those interested 
to the booklets published by the suppliers of 
acetylene. If a demonstration of the different 
types of flame can be arranged, so much the 
better. ~ 

Dr. Carter appears to have assumed that 
the depth of the subsurface porosity was a 
measure of the loss of ductility. It would be 
misleading to look upon embrittlement as 
being restricted to the zone of subsurface 
porosity when in fact it often extended right 
through the samples (0.02 in. thick). Conse- 
quently, though the damage done by unsuitable 
flames might be somewhat less in thicker 
samples, still it would be serious. 


P. A. Becx.*—How is it possible for oxygen 
to penetrate into samples heated in some of the 
reducing flames; e.g., oxygen, city gas and 
oxyhydrogen? Does the oxygen get in when 
the samples are being heated up? 


R. H. Arxryson.—It is difficult to under- 
stand how oxygen and hydrogen could pene- 
trate simultaneously into the hot metal unless 
it meant that both these gases were present in 
the flame in immediate contact with the metal, 
thereby indicating that the flame had not 
reached a state of equilibrium. Further experi- 
ments will be necessary to test this view. It is 
unlikely that oxygen was diffused into the 
samples when they were being heated up be- 
cause the time interval was too short. 


MeEmBer.—Was any oxygen present in the 
samples originally? 


R. H. Arxinson.—All samples were pre- 
viously annealed in helium to free them from 


oxygen. 


*Notre Dame University, Notre Dame, 


Indiana. 
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Effect of Copper and Some Other Metals on the Gold-germanium 


rie? ee YM en epee Ld gas 


Eutectic 


By Rosert I. JAFFEE,* JUNIOR MEMBER, AND BRUCE W. GONSER,{ MEMBER A.I.M.E. 


(Chicago Meeting, February 1946) 


RECENT work by the authors! established 
the constitutional diagram of the gold- 
germanium system. Of particular interest 
in the simple euctectiferous system was 
the eutectic alloy at 12 per cent Ge, which 
melted at the very low temperature of 
356°C. and had an unusually fine eutectic 
structure. It was of interest to investigate 
the effect of third components on the melt- 
ing point, microstructure, and strength of 
this alloy, and in this work the effect of 
copper is discussed rather completely, 
with less complete data on the effects of 
silver, platinum, nickel, and zinc. No 
reference in the literature has been found 
on ternary systems with gold-germanium. 


MATERIALS AND ALLOYING 


As in the work on the binary system, 
gold-germanium, the germanium used in 
this investigation was the cyanide-reduced, 
99.9 per cent product, produced by the 
Eagle-Picher Co. Fine gold sheet from 
Handy and Harmon, pure platinum sheet 
from the American Platinum Works, cop- 
per magnet wire from Anaconda, nickel 
wire assaying 99.6 per cent Ni, and electro- 
lytic zinc were used for alloying. To make 
the alloys, charges of the pure metals were 
put in a graphite crucible and melted 
in an atmosphere of pure hydrogen. The 

Manuscript received at the office of the 
Institute Nov. 26, 1945. Issued as T.P. 1998 in 
METALS TECHNOLOGY, April 1946. 

* Research Engineer, Battelle Memorial 


Institute, Columbus, Ohio. 
+ Supervisor of Nonferrous Division, Battelle 


Memorial Institute, Columbus , Ohio. 
1 References are at the end of the paper. 
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temperature was brought up to about 


1050°C., and the metal allowed to freeze in 
the crucible. Except with alloys con- 
taining zinc, melting losses were con- 
sistently less than a few milligrams. 

When zinc was a component, weight 
losses up to half the weight of the zinc 
present were incurred, and the alloy com- 
positions were calculated by assuming the 
entire weight loss to be that of zinc. In 
all other cases the composition of the 
alloys could safely be taken as that of the 
charge. The ingots, as solidified, were 
segregated, the heavier primary phases 
being at the bottom and sides of the 
ingots and the lighter primary phases 
at the top, but by sectioning the entire 
ingot vertically for microscopic examina- 
tion, this factor could be evaluated. 
Ingots for microscopic examination weighed 


one gram, and those for thermal analysis. 


weighed three grams. 


THERMAL ANALYSIS 


In this work, the eutectic line com- 


position and thermal arrests were desired, 


and, after microscopic exploration had 
established the position of the eutectic 


line at a given percentage of the third © 


component, a thermal analysis was run 
at that composition. The method of 
thermal analysis used in the work on the 
binary Au-Ge system,! a method particu- 
larly well suited for a small quantity of 
material, was used in this work. Clearly 
defined arrests were obtained, although 
with some alloys containing platinum 


4 


“or nickel undercooling was 
Calibrated 28-gauge chromel-alumel ther- 
_ mocouples, 


temperatures 
with the known liquidus curve of the 
_ Au-Ge binary system. Table 1 gives 
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observed. 


checked at the lead and 
zinc points, were used for the temperature 
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compositions and freezing points of eutec- 
tic-line alloys at 2.5, 5, I0, 20, and 30 
per cent Cu. These data show that the 
eutectic valley proceeds away from the 


WEIGHT PER CENT GERMANIUM 
Fic, 1.—EvTEcTIC LINE (SOLID LINE) IN GOLD-COPPER-GERMANIUM ALLOY WITH ESTIMATED 
ISOTHERMALS (DOTTED LINES). 


measurement. Values of the eutectic 
line arrest are considered accurate to 


within +2°C. 


COPPER-GOLD-GERMANIUM ALLOYS 
Diagram 


The eutectic line in the Au-Cu-Ge 


_ system from the Au-Ge binary eutectic 
has been traced to 30 per cent Cu, and 


the freezing points of alloys along that 
line have been determined. Fig. 1 shows 


the location of the eutectic line and esti- 


mated isothermals connecting the known 
along the eutectic line 


binary eutectic at substantially constant 
germanium content and at increasing 
temperatures. 

Previous data by the authors! and 
by Owen and Roberts* show that there 
is very little solubility of germanium 
in gold. Germanium is soluble in copper 
to about 10 per cent at room temperature.‘ 
It appears probable that some germanium 
is dissolved in the copper-gold phase, 
which may account for the slight shift of 
the eutectic line to higher germanium 
percentages. 

X-ray 


Microscopic evidence indicates that 
two phases are present in the alloys: 
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gold-copper solid solutions and free ger- 
manium. At the high copper contents 
the solid solution phase exhibited coring, 


indicating that it froze over a considerable 
temperature and composition range. X-ray 
data show that free germanium is present 
as one of the phases up to 30 per cent Cu. 
At 10 per cent Cu the Au-Cu phase is dis- 
ordered face-centered cubic of a) = 4.00A., 
with a few very faint lines of gold. The 
fact that diffraction lines were diffuse, 
and that free gold was shown in the 
photograms, is further indication that 
the gold-copper phase froze over a com- 
position range extending to pure gold. 
At 20 and 30 per cent Cu, the lines of 
the second phase did not correspond to 
the disordered cubic or to the ordered 
AusCu or AuCu phases. This new, second 
phase was in’ evidence both when the 
alloy was cast and slowly cooled and 
when it was quenched in water while 
still molten. Fig. 2 is a graphical repre- 
sentation of the X-ray data, in which the 
abscissa gives the interplanar spacing 
in Angstrom units, and the ordinates 
give the relative intensities of the diffracted 
lines. The pattern for the ordered tetra- 
gonal AuCu structure was taken from 


purposes of comparison with the pattern — 
of the new phase found. 


Fic. 2.—X-RAY PATTERNS } OF GOLD-COPPER-GERMANIUM ALLOY WITH ORDERED TETRAGONAL © 
GOLD-COPPER SHOWN FOR COMPARISON. : 


Johansson and Linde,? and is shown fc 


< 


10 Cu-I5 Ge-75Au — 


- 


20 Cu-14Ge-66 Au 


30 Cu-15 Ge-55 Au 


Microstructure 


As copper increases, the peranen 
fine eutectic structure, which was evident | 
in the binary eutectic, appears to be 
coarsened appreciably, and the germanium 
phase in the eutectic appears to change 
its habit from particles to rods or platelets. | 
Figs. 3 to 8 show microstructures of the 
eutectic-line alloys. At 2.5 per cent Cu, 
the structure is still fairly fine, but the 
beginning of the coarsening and change 
of crystallization habit is apparent. Indica- 
tion that the crystallization habit of 
germanium becomes platelets may be- : 
seen in Fig. 5, where one is shown sec- 
tioned through its plane. 


' Mechanical Properties 


Hardness values (Table 1) indicate 
that the coarsening of the eutectic struc- _ 
ture by copper additions is accompanied 
by slight increase in hardness to 1o per cent 
Cu. At 20 to 30 per cent Cu the hardness — 
jumps almost 100 points. This probably — 
is caused by the new matrix phase, which — 
was shown by X-ray evidence. Tensile- 
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Fig. 3. 
Fig. 4. 
Fig. 5. 
Fig. 6. 
Fig. 7. 
Fig. 8. 


i 
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Fics. 3-8.— EUTECTIC-LINE ALLOYS OF GOLD-COPPER-GERMANIUM ALLOYS. 


12 per cent Ge, 88 Au. Binar eutectic. X 1000. 
2.5 per cent Cu, 14 Ge, 83.5 Au. X 500. 

5 per cent Cu, 14 Ge, 81 Au. X 500. 

ro per cent Cu, 14 Ge, 76 Au. X 500. 

20 per cent Cu, 15 Ge, 65 Au. X 500. 

30 per cent Cu, 16 Ge, 54 Au. X 500. 
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strength data were obtained from butt 
joints of 0.020 in., 18-kt. gold strip soldered 
with the Au-Cu-Ge alloys. These values 
(Table 1) are not true tensile strengths 


450, 


TEMPERATURE IN °C. 
er) 
Ni 
ur 


° 2.5 5 
PER CENT ADDITION 
Fic. 9.—EFFECT OF ADDITIONS ON FREEZING 
POINT OF GOLD-GERMANIUM EUTECTIC. 


of the materials tested, but it is believed 
they approximate the true values. Pure 
eutectic, tested in tension by conventional 
means, had a tensile strength of 55,600 lb. 
per sq. in., and a butt joint made with 
eutectic Au-Ge had a strength 53,000 lb. 
per sq. in., indicating that the approxima- 
tion is fairly good. Up to 20 per cent Cu 
the tensile strengths are slightly higher 
than the value for the binary eutectic, 
but appear to fall off at 30 per cent Cu. 
Elongations of the alloys are negligibly 
small. 


TABLE 1.—Properties of Au-Cu-Ge Alloys 
Porpesbicg, - Welen Eutectic- 


Arrest, | Hard- 
Deg. C.| ness? Sq. In 


Cu Ge Au 

ts) 12 88 356 205 53,000 

2.5 14 83.5 360 218 53,500 

5 14 81 368 210 61,000 
10 14 76 385 230 61,000 
20 15 65 430 312 62,500 
30 16 | 54 477 * 290 40,000 


2 Diamond pyramid, 5- -kg. loa 
> Taken from butt joints 18-kt. gold strip 
soldered with these alloys. 
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: Vickers | Strength, 
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Color 


Estimation of the color of the alloys : 
is difficult, but the addition of copper to 
eutectic Au-Ge appears to decolorize it 
somewhat. The actual degree of decoloriza- 
tion may be taken from the observation 
that the binary eutectic appears similar _ 
to yellow 18-kt. jewelry gold, and the 
30 per cent Cu eutectic-line alloy appears — 
to have the pale gold color of some 12-kt. 
jewelry gold. x 


Applications 


Soldering of gold-base alloys, gold- 
plated articles, and copper-base alloys 
may readily be done with the Au-Cu-Ge 
eutectic-line alloys, using conventional 
soft-solder or hard-solder fluxes and torch 
or furnace methods. The fluidity and 
wetting properties of the Au-Ge eutectic 
are slightly reduced by the copper addi- 
tions. Like the binary Au-Ge eutectic, — 
these alloys also expand on solidification — 
and have been used for precision casting, 
as for inlays in dental work. 


OTHER TERNARY ALLOYS WITH 
GOLD-GERMANIUM 


Compositions and freezing points of 
alloys of silver, zinc, nickel, and platinum 
with Au-Ge, which are either eutectic-line 


TABLE 2.—Properties of Alloys of Au-Ge 
with Other Metals 


arse Weight : 
er Cent Stronethe 
| ‘Lb. ‘ 


* Diamond pyramid, 5-kg. load. 
¢Taken from butt joints of 18-kt. gold strip 
soldered with these alloys. : 

¢ Taken in fine structure, with diamond pyramid — 
and 1-kg. load. 
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F VARIOUS ADDITIONS. ALLOYS AS CAST. 
al 18 Ge, 77 Au. Unetched. X 500. 
ri Fig. 11. 3.6 per cent Zn, 15.3 Ge, 81.1 Au. Unetched. X 300. 
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alloys or which contain a predominance 
of fine structure, are given in Table 2. The 
relative effect of the various additions on 
the freezing point of the Au-Ge eutectic 
is shown graphically in Fig. 9, where it is 
indicated that silver, zinc, and copper raise 
the freezing point while platinum lowers 
the freezing point and nickel seems to have 
no effect. 


Silver and Zinc 


Silver and zinc appear to act on the 
Au-Ge eutectic in the same way as copper, 
but much more drastically. The increase 
in the eutectic-line arrest is particularly 
marked, and the alloys appear to have a 
long, mushy range down to the binary 


eutectic temperature. Coarsening of the 


eutectic structure is shown by Figs. 10 and 
11. There are only two phases in these 
alloys: alpha-gold solid solutions and 


‘germanium. 


Platinum 


Ternary alloys with platinum have 
peculiar microstructures comprising pri- 
mary alpha dendrites, primary germanium, 
and fine eutectic structure. Figs. 12 and 13 
show rows of massive, primary germanium 
against a background of alpha dendrites 
and eutectic. This behavior was noted by 
Davidson for the Bi-Sn eutectic, where 
both primary tin dendrites and primary 
bismuth were present with eutectic at the 
eutectic composition.® Davidson ascribed 
the anomalous behavior to undercooling. 
An X-ray pattern for an alloy of 5Pt-14Ge- 
81Au showed lines of an Au-Pt phase of 
lattice constant 4.075A. and the diamond 
cubic germanium phase of lattice constant 
5.65A., plus two very faint lines (d values 
2.23 and 2.10A.) from an unidentified 
phase. The explanation of undercooling 
for the anomalous presence of both primary 
phases with the eutectic appears well 
founded, since the 2.5 and 5 per cent Pt 
alloys undercooled about 12°C. at their 
eutectic arrests. The range over which the 


> 


4 


EUTECT 


phenomena take place is surprising, how- — 
ever. It is probable from the X-ray evidence — 
of a third phase, and from the lowering of 
the eutectic arrest, that there is a ternary 

eutectic in this system. EE 


Nickel 


Like the platinum ternary alloys, Au-_ 
Ge-Ni alloys near the eutectic show the 
presence of primary germanium with the | 
eutectic structure. X-ray patterns gave 
lines for both alpha gold and germanium, 
plus two lines (d values 1.915 and 1.048) 
of an unidentified third phase. It is 
probable that there is a ternary eutectic 
in this system, too,. because of the X-ray 
indication of a third phase, the slight effect 
on the eutectic arrest, and the fact that — 
the Vickers hardness of the fine structure — 
is only 110, compared with 200 for the 
binary eutectic. Fig. 15 shows the micro- — 
structure of a typical Au-Ge-Ni alloy — 
near the eutectic line. The micrograph was — 
photographed in polarized light, 5° from 
crossed nicols, and with this illumination 
the germanium phase showed some aniso- 
tropy. Primary germanium in Au-Ge does 
not show any anistropy, and it is possible — 
that some nickel has dissolved in the — 
germanium to bring it about. 


CONCLUSIONS 


‘1. The eutectic valley in the Au-Cu-Ge 
system from the binary Au-Ge eutectic has _ 
been traced to 30 per cent Cu. Up to 10 — 
per cent Cu the phases in the eutectic line © 
are face-centered cubic Au-Cu solid solu- _ 
tions and free germanium. At 20 per cent — 
Cu, the phases are free germanium and 
a new phase, which could not be identified. — 
Coarsening of the eutectic structure by 
copper has been noted. Hardnesses from 
200 to 300 Vickers, strengths of about — 
55,000 lb. per sq. in., and some applications 
of these alloys have been reported. ras 

2. Silver and zinc sharply raise the 
temperature of the eutectic valley. Hard. 


—e > . $4) 


of about 50,000 Ib. per sq. in. have been 
ported. 

3. Platinum and nickel ternary alloys 
with Au-Ge apparently undercool to give 
microstructures of primary germanium and 
primary alpha dendrites over a rather wide 
range of composition. The freezing point 
of the eutectic line is lowered by platinum 
ind nickel, and it is believed that ternary 
eutectics may occur in these two systems. 
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Discussion 


WEBSTER tells us the word “extrude” 
_ means to “force, press or push out; to 
3 protrude.” As applied to the metal in- 
_ dustry, the process consists largely of 
_ forcing plastic elements (plasticity usually 
- obtained by preheating), through dies of 


- tions of considerable length and weight. 
Most of the ‘‘virgin” metals are quite 
malleable under this process, likewise 
‘many of the commonly used ‘‘alloys” in 
various industries, when basic elements are 
proportioned or combined within the 
natural laws and limits of good metallurgy. 
S Several of the foundry alloys, both ferrous 

3 and nonferrous, together with some of the 
 heat-treatable light metal mixtures, are 
F ccidedly weak and hot short at ordinarily 
P plastic ranges, and consequently are 
- troublesome or quite incapable of com- 
: _ mercial extrusion. 


DEVELOPMENT OF PROCESS 


_ This process was conceived some time 
before 1800 and during its first century 
was employed almost entirely in making 
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Issued as T.P. 1850 in METALS TECHNOLOGY, 
_ September 1945. 

a . * Extrusion Expert, Bridgeport Brass Co., 
; _ Bridgeport, Connecticut. 
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Symposium on Extrusion 
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The Extrusion Process 


By W. W. CorTtTer* Anp W. R. Criarxk,f MemBer A.I.M.E. 


lead pipe, plumbing fittings and coating 
electrical cables. As a result of contact and 
experience with the lead industry and 
presses, Alexander Dick, of London, Eng- 
land, is credited with first having applied 
the principles of extrusion to brass, and 
in 1894 brought out a 500-ton horizontal 
press powered by hydraulics. A duplicate 
of this unit was imported by one of the 
Connecticut brass mills and was in experi- 
mental operation by 1900. During the 
first five years of operation, this press 
proved the value of the method to Ameri- 
can industry, as it immediately revolu- 
tionized and converted the manufacture 
of brass rod from a 15-pass cold-rolling 
operation, with elimination of several 
intermediate anneals and cleanings, to an 
extrusion and a finishing draw. Likewise, 
ornamental brass and bronze moldings 
formerly cast and machined were produced 
in one squeeze on the extruder. The extru- 
sion operation, being entirely that of 
compression, deforms the material without 
tensile stresses and can be used on delicate 
mixtures under heat, which cannot be 
hot-worked by straight hot-rolling or 
roller piercing. 

Base slabs of clock-brass strip were 
early in line of development or improve- 
ment, as were the brass bronzes (Naval 
brass, Muntz metal, manganese bronze, and 
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others), popular as engineering material 


bape) for bolt stock, as well as structural shapes 
i 3 tama for marine and other mild conditions of 
=| 2 f “| corrosion. > 
3) 8) 4 | H By 1910, American engineers undertook — 
3] zl ft to design tube shell extruders, but were — 
& 4 unsuccessful. The first World War began — 
a | i before fabricators could procure the more — 
Cy | ACT substantial designs of tube extruders 
vi i iH produced in Germany; and it was not f 
ba | Bsa until the middle twenties that better — 
ith ‘ai models of the Universal extruders (double 
ea | RT PY actioned presses), equipped with hydro- - 
ll NM NN LD pneumatic accumulator systems and other — 
il modern equipment, were available in the } 
A ’ United States. i 
alk America by this time was fast becoming 
UG BG extrusion minded. Both the brass industry 
f y and the light-metals industry had operated © 
4 during the first World War with ordinary 
abt i Ach 2 rod extruders of 1000 to 2000-ton capaci- 
i L S ties; but following this event, the aluminum > 
1 EAL © plants led the field with higher capacities 
i SN NS 2 and much more versatile equipment. By 
9 Sy y ON the late thirties, industry as a whole had a 
2 NZ YN\ 5 choice of high-powered, standardized and 
s z eZ JN | proven designs of extruders for any 
z F 4 BN Z UN | + practical application. At the present time, 
g B\Z GX American industry, including Govern- 
z NZ GS ment-owned and sponsored installations, 
LV has upward of 200 units supporting the 
No SS mZZIN war effort. » 
Et Z 7 The scope of this paper is confined to 
mali M4 | IN extrusion of plain and tubular sections of 
x Ve VES copper-base alloys. A broad treatment of 
2 3 : 4 the whole subject is available in an English 
2 - book written by Claude E. Pearson.? 
@) ra 
3 az ES a EXTRUSION MACHINES ; 
2 2 : W@in| 222 The standard extrusion machine is 
w z THN ie a3 ae & built in two general styles; one a d ble- 
20 ENG RN 5a ; ' SY ora 
: TRH § action machine, which is generally used in 
en 142 Lae = %| & the extrusion of tube and has the advantage 
a ==. | aah N : ry in rod extrusion of a higher pressure, which 
aN N 3 . 2 may be exerted on the ram when pressure is 
~ 3 iy Fr z applied to both plungers; and the other, a 
= 


Sg tre eet 
> 7 . 


: 


' References are at the end of the paper. 
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 single-action machine, which is normally 
used in the extrusion of rod and seldom 
used in the extrusion of tubes. Machines 
having a pressure capacity in excess of 
1200 tons are usually horizontal. The use 
Z of smaller vertical machines is confined 
__ to the manufacture of tubing. While many 

vertical machines are used abroad, few 
~~ are in operation in this country, owing to 
their limited capacity. 


Terminology 


Billet—Material to be extruded, usually 
__ round, in section and of a length from 1 
to 4 times its diameter. 
‘Container.—Cylinder that contains the 
billet during extrusion. 
Ram.—Plunger that exerts the pressure 
on the billet through the dummy. 
Dummy—The dummy is interposed 
between the ram and the billet. It is 
slightly larger than the ram, to ensure 
e proper clearance so that the ram may be 
easily retracted. It also acts as a heat 
absorber in keeping the end of the ram 
from overheating. , 
_ Die.—Perforated shaped plate through 
which the metal is extruded. 
Mandrel.—Plunger (usually slightly ta- 
pered) that pierces the billet in tube 
extrusion and determines the inside diam- 
- eter of the tube. 
ce Die Backer—Transmits the pressure 
exerted on the die to the die head. It has a 
hole slightly larger than the die. Both die 
4 q and backer are held in the die holder, 


a ‘Die Head.—The die head, or eldee: is 
Z “locked against the container during ex- 
_trusion by the wedge, and after extrusion 
‘is withdrawn to permit removal of butt 
& and shell, and to sever these from the 
; extruded shape. 

- Buit—The butt, or stump, is the unex- 
B ttuded portion of the original billet left 
% adjacent to the die. 

- Shell—The shell is the thin part of the 
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‘billet eft a in contact with the container. 
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because of a difference in diameter of the 
dummy and the container bore. 

Fig. 1 shows in simplified form the tools, 
tool holders, and essential elements used in 
the horizontal extrusion press. The only 
difference between the double-action ma- 
chine and the single-action machine is 
elimination of the piercing cylinder and 
plunger, and the use of a solid ram instead 
of the hollow ram shown, through which 
the piercing mandrel operates. Water for 
hydraulic pressure is supplied usually by a 
pump and accumulator system, at pres- 
sures from 3000 to 5000 lb. per sq. in. 
In addition to the high-pressure hydraulic 
system, a low-pressure pre-filling system 
is generally used for idle stroking of the 
ram, in order to conserve high-pressure 
water. 


THE PROCESS 


In the normal extrusion of brass and 
copper alloys, the actual extrusion time 
usually is from 30 to 45 per cent of the 
total cycle between billets, so that a direct- 
acting pump would be operating against 
pressure less than half the time. Smaller 
pumps can be used with the accumulator 
system, and the control of speed of extru- 
sion, which is possible with the accumulator 
system, is necessary with some of the more 
delicate alloys. 

The container that holds the hot billet 
during the extrusion operation is usually 
built up in three sections; (1) the liner, of 
a hard, high-heat-resisting alloy such as 
chrome-tungsten steel; (2) the bushing 
surrounding the liner, of a high-strength, 
tough alloy, such as 0.70 per cent C, 1.45 
Cr, 0.45 Mo, 0.20 Va, with a medium 
degree of heat resistance and heat-treated 
to Brinell 300 to 330; and (3) the outer — 
ring of the container itself, of S.A.E. 
4240 steel forging heat-treated to Brinell 


260 to 300. This is set into a containér 


holder, which has a passage containing gas 
burners so that the container may be 
preheated and kept warm from the:outside 
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during the extrusion operation. It is also 
desirable to introduce a gas burner and 
apply heat to the interior of the container 
liner for a sufficient time before the machine 
is placed in operation to reach the normal 
working temperature, which varies with the 
alloy to be extruded. 

Hot billets are supplied from a con- 
tinuous heating furnace, and in the modern 
machines are conducted by a conveyor to 
an elevator that places them in alignment 
with the container into which they are 
introduced by the ram. 

The container usually is bolted to the 
head of the press, which contains a hole of 
sufficient size to permit the die head to be 
entered and withdrawn from the extruding 
position during each extrusion cycle, in 
order that the unextruded stump remaining 
can be severed and removed from the 
extruded section. When the die head is in 
the extruding position, it is locked by a 
wedge, usually operated vertically by 
means of a hydraulic cylinder. An addi- 
tional cylinder is used to move the die 
head in and out of the extruding position. 
In the die head is placed the die and the 
die backer. The latter has a hole slightly 
larger than the die opening and its use 
permits the use of a much smaller, and, 
therefore, less expensive die. 

Not all of the metal in the billet, when 
extruded, appears as good material. From 
15 to 25 per cent is normally discarded. 
When some of the oxidized surface of the 
hot billet is drawn into the stream of 
extrusion, it does not reweld to the clean 


‘material, and any section of the extruded 


material containing this defect must be 
discarded. 

In ordinary brass extrusion, the practice 
of using a dummy between the ram and 
the hot billet, of somewhat smaller diam- 
eter than the container liner, is quite 
common. After it has upset the billet to 
fill the container, it broaches the clean 


- material from the interior of the billet, 


leaving a thin shell of oxidized material in 
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the container liner, which is removed bya 
second stroke of the press (largely with — 
low-pressure water) through the insertion — 
of a larger cleanout dummy. When the ~ 
unextruded length of the billet is reduced 
to from 7 to ro per cent of its original q i 
length, some of the oxidized material 
from the two ends usually finds its way 
into the extruded section, and there is 
no object in carrying extrusion further. 
After the billet is elevated in line with 
the container, and the die has been placed 
in position by the cylinder operating the die 
head, and has been locked in this position 
by the wedge, the billet is introduced into 
the container, the ram withdrawn, and 
the dummy placed in line with the con- 
tainer, usually by an elevator from below 
the machine. The ram and dummy are © 
then moved forward with low-pressure 
water by the main plunger until they 
contact the hot billet. The billet pref- 
erably should be within 14 in. of the 
diameter of the container, as less scrap ~ 
will be made than when it is smaller. 
In the: extrusion of tubes, it is quite — 
essential that the billet be upset by the 2 
main ram until it fills the bore of the con- 
tainer, the main ram then being withdrawn 
sufficiently to create clearance for back 
flow of material when the piercing ram is 
stroked to pierce the billet preparatory 
to tube extrusion. Prefilling the container — 
in this way is quite essential in order to — 
complete the upward flow of the metal in 
the billet from the lower side of the con- 
tainer before introduction of the piercing 
ram. The completion of this flow also results 
in a more uniform chilling of the thin 
shell of the hot billet on all sides through 
pressure contact with the container liner. - 
This chilling helps to center the dummy _ 
during extrusion and tends to leave a shell __ 
of uniform thickness, thus preventing the 
oxidized surface metal from entering the 
die during the earlier stages of extrusion. | 
After completion of the extrusion stroke, 
the wedge is released, the die head with- 


__ drawn, and the butt is severed from the rod 
by a shear or saw, while a second dummy 
is elevated into position and pushed 
through the container in order to remove 
the oxidized shell from it. This shell is 
then discarded and any scrap particles 
remaining are cleaned out before the die 
head is placed again in position for the 
next extrusion. During this interval, the 
piercing mandrel, if used, is cooled with a 
water spray and then wiped off clean with 
- - an oily rag. 


Copper-base Alloys 


There are several important differences 
in the extrusion of copper-base alloys 
versus aluminum and magnesium. These 
can best be expressed by differences in 
- temperature and speed—temperatures both 
- of material to be extruded and of the tools 
involved. In the extrusion of light alloys, 
tool temperatures must be maintained 
within narrow limits, and even so the 
rate of extrusion of the more delicate al- 
loys is very slow compared with that used 
in the copper-base alloys, because, with 
_ too rapid extrusion, cracking takes place 
in the extruded product. 

Many of these alloys can be extruded 
but cannot be hot-worked in any other 
way because tensile stresses set up in these 
materials during the hot-working operation 
_ produce cracking or rupture. There is also 
a distinct limitation of the range of hot- 
— workability; that is, the difference between 
the minimum and maximum temperature 
between which the material can be de- 
4 formed without excessive pressure on the 
¥ lower side or incipient melting on the 
upper. Furthermore, on materials pre- 
senting high resistance to deformation 
under most favorable conditions, the rise 
in temperature at the point of deformation 
due to the transformation of the energy 
expended in the deformation into work 
heat may result in raising the temperature 
of the material sufficiently to cause 
incipient melting of the extruded material 
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as a whole, or in combination with friction 
heat between the material and die, in 
overheating the surface so that cracking 
takes place. Slower extrusion will reduce 
this tendency, through the transfer of 
more of the work heat by conductance to 
the cooler portions of billet and die. 

The pressure on the dummy necessary 
to extrude varies with the alloy, the speed 
of extrusion, temperature of material, 
temperatures of container, die, and dummy, 
ratio of dummy area to die area (or areas if 
multiple dies are used), and the length 
of the billet (if greater than its diameter). 

The starting pressure at normal rates 
of extrusion is usually the maximum, 
partly because after extrusion starts the 
part of the billet that is being deformed by 
extrusion through the die is raised in 
temperature through the transformation 
of work into heat. The transfer of this 
heat to adjacent material in turn raises its 
temperature and reduces its resistance 
to deformation in approaching the die. 

The approximate theoretical temperature 
rise due to this work heat is given below. 
It has been shown that work done (neglect- 
ing surface friction) in deforming plastic 
material by elongation is equal to 

: A ; L 
tV log. on or iV log. r 
where 7 is the pressure necessary to over- 
come the resistance of the material 
at any given speed and tempera- 
ture to deformation, in lb. per 
sq. in. 
V, the volume of material displaced, 
A, the initial area, 
a, the final area, 
L, the initial length, 
: J, the final length. 

In extrusion, the work done per inch 
of ram stroke is PA inch-pounds where 
P is the pressure per square inch of dummy 


-area. The work done in inch-pounds per 


cubic inch of material, therefore, per inch 
of stroke is P, which is always larger than 
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A 
i loge > by the force necessary to force the 


dummy through the plastic material and 
to overcome adhesive resistance of the 
walls of the container on the billet and to 
overcome die friction. é 
Ordinary brass weighs 0.305 lb. per 
cu. in. Therefore, the work done within 
the material per pound of brass in foot- 


A 
pounds is X loge - This equals 


a 

0.305 X 12 
A ; ; 

0.274 4 log. a The specific heat of brass is 


approximately 0.095, and the heat equiva- 
lent of work is, therefore, 778 ft-lb. 
X 0.095, or 74 ft-lb. Therefore 74 ft-lb. is 
required to raise the temperature within 
the deformed material 1°F., or 133 ft-lb. 
per 1°C. Therefore, the work done within 
the material in extrusion of brass will 
result in the temperature rise equal to 


A 
0.0036 7 log. q per deg. F. 
A 
or 0.002 t loge > per deg. C. 
Let J represent the minimum pressure 


per square inch of dummy area during the 
extrusion. (J = P min.) In the extrusion 


of ordinary brass, 7 usually will 
log. > 


increase with the copper content from 
7000 to 10,000 lb. in alloys containing 
less than 61 per cent copper, as high as 
16,000 to 22,000 lb. in alloys containing 
upward of 70 per cent copper, depending 
upon the temperature and rate of extrusion. 

Table x has been compiled to show 
temperature rise with various ratios of 


TABLE 1.—Temperature Rises 


i 5,000 Lb. | z 10,000 Lb. | i 20,000 Lb. 


A 
a 
PCs 
8 80 
20 120 
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é and with values of é given at sooo Ib., 


) 
ee lb., and 20,000 Ib. per square in h = 
Not all of this temperature rise is 
manifest in the extruded rod under ordinary — 
speeds of extrusion. Some of it is expended _ 
in heat transfer to the die and back into 
the unextruded portion of the billet — 
adjacent to the die, depending somewhat 
upon the rate of heat conductivity of the 
material and the rate of extrusion. But — 
it is evident from this table that there isa 
limit in the extrusion of hard alloys to the _ 


A : age - 
ratio of os that is permissible because, on 


the one hand, there is a maximum per- 
missible temperature of extrusion, which, 
if too near the melting point of the alloy, — 
will allow insufficient leeway for tempera- _ 
ture rise in the extrusion operation before _ 
incipient melting or cracking of the | 
extruded section takes place. On the other _ 
hand, too low a _ temperature requires 
too high an initial extrusion pressure. 
The pressure on the dummy required to _ 
extrude increases rapidly when the billet _ 
length is greater than its diameter. This 
is caused by the increased frictional effect _ 
of the container surface on the surface of 
the billet, which increases with billet — 
length in resisting plastic flow due to 
surface adhesion and cooling. The pressure 
again increases, particularly with slow 
ratio of extrusion, as extrusion shortens t 
billet to 5 or 10 per cent of its origin 
length, owing to temperature loss 1 
container, die and dummy, and to the 
increasing effect of die and dummy end 
friction on the plastic flow. Further 
extrusion of this short end or stump only | 
creates scrap, and is of no practical benefit. 
Starting pressure has been found to be 
less by reverse extrusion. In the practice 
of reverse extrusion, the billet is introduced 
into the container, which, during extrusion, _ 
has the end nearest the pressure plunger 
closed. The die is fastened to a hollow | ram 
inserted in the other end of the container. a 


The container and billet are then moved by 
the main ram over and against the die. 
_ The only movement of the plastic material 
_ during extrusion is at the die. As there is no 
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0.25 per cent) at billet temperatures from 
750° to 770°C., is found to vary from 
7500 to 10,000 lb. per sq. in. For cartridge 
brass (containing 68 to 71 per cent copper 


FRecenT. oF COPPER 


Fic. 2.—PLASTICITY OF COPPER-ZINC ALLOYS INDICATED BY DROP-HAMMER TEST ON HEATED 
SAMPLES. (Morris.?) 


sion due to the effect of billet length is 
eliminated. In following this practice, 
_ however, it is difficult to obtain extruded 


material: free from surface blisters and 
_ defects, owing to some of the oxidized 
surface of the billet being drawn into the die 
q ‘near the surface of the extruded section 


_ during extrusion. For this reason reverse 


i extrusion kas been little practiced com- 
~ mercially in this country. 

In checking billet temperatures and ram 
A pressures under normal extrusion rates with 
_ preheated containers and preheated tools, 


- ae ys if 
3 the basic pressure A for the standard 
a ae : log. aE 
Ru 2 a 


; free-turning brass-rod mixture (containing 
60 to 61.5 per cent copper, 3.25 to 3.75 
per cent lead, and the balance zinc, with 
some iron and tin impurity kept below 


and balance zinc) extruded at 810° to 


Estoy Ree 


7 varies from 16,000 to 19,000 
log. a | 

lb. per sq. in. of dummy area. In the former 

case, ram speeds run from o.7 to 1.5 in. 

per sec.; in the latter, ram speeds are from 

0.3 to 0.45 in. per second. 


Comparison with Hot Hammer Tests 


It is interesting to compare these 
pressures with those calculated from hot 
hammer tests by Dr. Alan Morris in 
1931.2 In Fig. 2 (Fig. 1 of Dr. Morris’ 
paper) are plotted curves showing the 
percentages of deformation of heated slugs 
0.5 in. in diameter by 0.750 in. long, of 
various copper alloys at different tempera- 
tures, to a 200-ft-lb. blow delivered by a 
so-lb. hammer dropping 4 ft. Fig. 3 
(Fig. 3 of Dr. Morris’ paper) shows the 
calculated resistance of the slugs in pounds 
per square inch of final slug area to blows 
at different percentages of reduction in 
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slug height. This resistance is shown to 
increase at any given temperature, with a 
copper content increasing from 61 to 71 
per cent copper, and to remain fairly 


RepucTion oF HEtEHT, 


Ze Je 
RESISTANCE Té BLow — Thousands of Lbs. per &g. in. 
Fic. 3—RELATION BETWEEN RESISTANCE TO BLOW AND REDUCTION OF HEIGHT. (Morris.*) 


constant with increases in copper content 
up to go per cent. From go per cent to 
pure copper it reduces somewhat. These 
curves indicate a resistance of 12,500 lb. 
per sq. in. with 61 per cent copper at 


_750°C., as compared with the extrusion 


resistance I of 7500 to 10,000 lb. For 70 per 
cent copper, the hot hammer test shows an 
indicated resistance at 825°C. of 22,500 lb. 
per sq. in., while J, in extrusion tests, shows 


16,000 to 18,000 lb. at the same tempera- 


ture. These resistances to deformation are 
far greater than those shown by slow 
tensile tests on heated alloys. The com- 
parison of extrusion resistance with hot 
hammer tests is made to indicate a simi- 
larity of results, and it is believed that 
very rapid rates of extrusion would require 
pressures approaching those shown by the 
hot hammer test (hot-hammer results 
influenced by end friction). 


Average Results 


_ Table 2 gives the average results of a 
number of tests made during commercial 
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tube press used to extrude rod. . 
As it is necessary to throttle connections 
to gauges in order to protect the Bourdon’ 


tubes, the pressures recorded may be ~ 
subject to slight error, but there are so ~ 
many other uncontrollable variables in the — 
operation, such as variable length of time _ 
between the withdrawal of the billet from _ 
the furnace and the application of pressure — 
in the extrusion container, variation in — 
copper content, variation in container _ 
temperature, die temperature, and dummy 
temperature, we cannot expect to obtain — 
very close uniformity in readings taken © 
from successive extrusions. The pressures 
recorded vary as much as 10 percent above _ 
or below the average given in the table, and © 
when it is noted that 25° variation in — 
temperature in cartridge brass would — 
result in 10 per cent apparent resistance to — 
deformation, this is not surprising. = 

In screw-machine rod, variation in 
copper content of 1.5 per cent will show — 
about ro per cent variation in resistance _ i: 
at a given temperature. 

In the most modern machines, ae 
extrusion speed is controlled by two 
means, the main operating valve and an — 


_ adjustable throttle valve, which can be 
Set to roughly control the extrusion speed 
_ desired. Under ordinary commercial prac- 

_ tice, it is necessary to complete extrusion 
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predetermined opening, and opens the main 
valve wide when extrusion starts. If the 
billet is a little warmer than average, 
or its copper content a little lower than 


TABLE 2.—Rod-extrusion Data Calculated from Gauge Readings 
2200 TO 2750-TON EXTRUDER 


és | a gh | o> 
5 2 2 & aod age Pele} fle) ad 
‘ ine 2 
Nominal | §0| 2 3 A [NIG] 28d | 234 Err) gals oe8 
rome a n 
FSi eas ay ieee ee 3. 82/88 -/#ElS|e8|3 i pies 
oQ| 38 o4 ma See | a8 |S Ra Ke 
er }a la an r=picage ee eh en Za OO Selle chee 
Cu] Zn 
- Average 
mixture | 69/31 825] 9.38 2.80 | Iz 25Aal 28 +3 55,000] 38,000] 23,000] 16,000/0. 4 
69 |31 810] 9.38 GE Sete a) OS ag 2.4 | 28-13 59,000] 39,500] 24,400] 16,400/0.4 
69 |31 820] 9.38 2S bahere Aran se ie 49,000] 38,000] 20,500} 16,000/0,.4 
; 69 |3r 820] 9.38/2@1.24 | 29 33h to) | 2 61,000] 55,000] 18,500] 16,700]0.4 
69 |31 810] 8.25 0.800] 97 4.5 | 14 | 1.75 | 100,000] 84,000] 22,400] 18,700|0.3 
3500-ton ; 
press 31 70|10.4 |2@1.24 | 34 3. Slee gee 76,000] 65,000] 22,000] 19,000/0. 4 
Nominalb¢ 
Cu] Zn | Pb 
61 /35.5|3-5| 750| 9.38 2.65 | 14.3 |2.65) 28 13 43,000] 26,500} 16,000] 10,000|1.0 Av. 
61 |35.5/3.5| 765] 9:38 2.65 | 14.3 |2.65| 18 | 2 34,000] 24,000] £2,700] 9,100|1.5 Av. 
61 135.5/3.5| 765] 9.38 I.I 83 4.4. |-284),3 42,500| 35,000] 9,500] 8,o00j0.8 Av. 
61 |135.5/3-5| 765} 9.38 Toe 83 4.4 |. 18 | 2 40,500] 33,500} 9,200] 7,500/0.7 Av. 


6 poops and zinc may vary +1 per cent, 
*Lead may vary +0.25 per cent. 

@ Temperatures vary +10°. 

¢ Pressures vary +10 per cent. 


* Owing to throttle effect of gauge piping, readings are subject to some error if pressures change rapidly. 


TABLE 3.—Tube-exirusion Data Calculated from Pressure Readings* 
2000 TO 2200-TON HorIZONTAL TUBE EXTRUDER 


4 o ‘ [es 
2° Gi Cotas 4 - go 3 % 3 
ECR RCO ee ele q [ReeS ee] AS | aN log 
Nominal Qa aas e | es a sq -§ oD o laa 
BOL | Mixture’ | 855 | A |e |. 2 1913 3 Ea ane ss | 88 ge 
P i] “1a 
ple een dot tig Me We teed) es aol Fs ed I ea aes 
go/8:| 8 | &-] 2 ae] Cialis elas ml Jaber ies 
Se eaieecpec toe) sole ee eralade ee [ae ine 
a 1A Ee |e a 4 eS) of reel ai peep cr bi eae a ey 
‘ Cu} Zn | Sn 
Admiralty..| 70/29.0 se 800 |8.11/213f 6/2346 |2.85| 19 2.95|13.5 | 66,000] 58,000] 22,500] 19,700] 0.7 
Alpha......} 67/32.5]0.5/740 |8.11/3%%6 |21}46|3.9 T3)s3y ||2),..62;| 0 58,000] 48,000] 22,200] 17,700] 1.4 
‘Leaded 2 
and 1....| 67/31.5|1.5/720+|8.11|339 |2}46 |4.8 Li. 2.4 |10.5 | 63,000] 48,000] 26,000] 20,000] 1.2 
Aluminum Al 
brass....| 77/21.0/2.0/835 |8.1z/23g |138 |2.14| 24.4 |3.2 | 8.75] 69,000] 56,500) 21,600] 17,700] 0.9 


* Temperatures varied + 10°. 
4 Pressures varied +10 per cent. 
¢ Speeds varied + 20 per cent. 


_ with sufficient rapidity to prevent excessive 
~ temperature drop in the billet through 
transfer of heat to dummy, container 
liner, and die face from unduly increasing 
the resistance to extrusion. Quite frequently 
‘the operator sets the throttle valve at a 


@ This tabulation represents average results from 20 readings of each alloy. 
’ Copper content may vary +1 per cent. 


average, extrusion will take place more 
rapidly until there is a balance between 
increasing pressure required with in- 
creasing extrusion speed and the pressure 
drop due to speed of flow through the 
throttle valve to the main plunger. The ex- 
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perienced operator can soon determine 
the best billet temperature and speed 
of extrusion for any given billet analysis, 
length, and die area, and will vary these 


Spee 


Fic. 4.—EXTRUSION DIES, COPPER-BASE ALLOY: (@) TUBE, (6) ROD. 
Analysis: C, 0.50 per cent; Cr, 4.00; Va, 1.00; W, 18 BS 
Heat-treatment: Preheat, 1600°F.; high heat, 2250°F.; ; quench, oil and air; draw, 1260° to : | 


1340 °F.; hardness, Rockwell C-34 to C-43. 


somewhat, depending upon whether he is 
starting up in the morning with a cold 
container liner or running under normal 
operating conditions. 

Multiple-hole extrusion is resorted to 


D\2 L 
where the (=) and —D are too large to 


permit of successful extrusion of a single 
small section, The pressure required in 


_ multiple extrusion is somewhat greater than 


with a single hole of area equal to those of 
the multiple dies, owing to greater surface 
areas of the multiple dies, but not in 
proportion to the benefit derived from the 
reduction of pressure caused by reducing 


log. (2) to log. (4) or log. (2)" 


Table 3 gives data obtained from the 
tube extrusion of four different alloys. 
Only one of these alloys can be directly 
compared with the rod-extrusion data 
given in Table 2. The admiralty metal has 
resistance to hot-working comparable to 
the 69-31 copper-zinc mixture as used 


43.5 ° 


in rods. 
slightly higher minimum extrusion pressure 
than is shown in the average rod extrusion, ~ 
and a somewhat lower maximum, the latter 4 


‘ 


(<7 


because the billet length is less in all cases” 
lhan in rod extrusion. 
It is to be expected that the pastes | 
pressure in tube extrusion would be slighthy ~ 
higher because of the increase in chilling of 
the billet by the piercing mandrel and the 
increased frictional resistance caused by _ 
the mandrel surface during extrusion. 7 
Also, the speeds were somewhat greater 
in the tube extrusion than in that of the — 
rod. It is desirable to extrude tubing at | 4 
considerably faster rate than rod in order 
to keep the contact time between the 
piercing mandrel and the billet within as 
short a period of time as possible, so that — 
the mandrel will not be heated sufficiently j 
to unduly reduce its tensile strength. 
The piercing mandrels usually are made 
from chrome-tungsten or chrome-tungsten- _ | 
molybdenum steel with the two latter 
elements kept sufficiently low to prevent _ 
cracking when water is applied for cooling 
between extrusions. When alloys require - 
higher extrusion temperatures or longer _ 


- contact with the heated billet, it may be 

necessary to use mandrels with higher 
tungsten and chrome content, and then oil 
~ cooling may be necessary between extru- 
_ sions. This is particularly true in vertical 
extrusion in which small billets and small- 
diameter mandrels, say from 1 to 1}4 in., 
are used in the extrusion of small-size 
- tubing. 


TOOLS 


~ In the early days of extrusion, the grades 
of steel available for tools interposed a 
definite limit to the copper content of the 
brass alloys that could be extruded, and 
the operation was confined to the Muntz 
metal group containing from 56 to 61 per 
cent copper. As alloy steels were developed 
-and heat-treatments perfected, it became 
possible to extrude alloys having a greater 
resistance to hot-working, until today it is 
- possible to utilize pressures in extrusion of 
- more than 100,000 lb. per sq. in. of ram 
pressure. With the harder alloys, much 
greater care must be taken in the entire 
operation. Hot-working tools suitable for 
handling higher temperatures and pres- 


stresses of too great magnitude are intro- 
duced by sudden application of heat when 
in the cold state, or too rapid chilling 
- when hot. Therefore, these tools must be 
slowly preheated and maintained at a 
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suitable temperature at all times during 
their use. Preheating also limits the amount 
of heat absorbed from the billet and 
prevents lowering its temperature during 
extrusion to the point where the pressure 
of the main ram is insufficient to complete 
the operation. 

Fig. 4 shows standard shapes, analysis, 
and heat-treatment that have been used 
successfully in extruding brass rod and 
tubes. 
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Some Factors Affecting the Rate of Extrusion of Aluminum Alloys 


Lael boo bes 


ExtTRuSION of aluminum alloys in this 
country is performed mainly by direct 
extrusion, therefore this paper is confined 
only to factors affecting the rate of extru- 
sion by this method. 

Many factors affect the rate of extrusion 
of aluminum alloys. It is the purpose of 
this paper to present a discussion on the 
factors that are subject to technical 
control. Most of them are closely related, 
so that a clear-cut distinction between 
them is rather difficult. However, an 
attempt will be made to evaluate the 
effect of each factor separately, as far as 
possible. The most important factors only 
will be considered, and these will be 
discussed in detail under three general 
headings: (1) characteristics of the equip- 
ment, (2) size and structure of the ingot, 
and (3) temperature of ingot, cylinder, 
and other parts. 

It is a well established fact! that the 
pressure and the speed of extrusion are 


related and are exponential functions of 


one another. Therefore, whenever a certain 
condition tends, for instance, to increase | 
the pressure required for extrusion, it 
will reduce the extrusion speed if the 
pressure is maintained constant. For this 
reason, in this paper the effect of various 
conditions is expressed either in regard 
to their effect on the pressure required or 
the extrusion speed. 

Another established fact is the relation- 
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ship between the temperature of the 
material being extruded and the pressure 
required to extrude. According to Schi- 
shokin,? this relationship is of the expo- 
nential type, and as the temperature is | 
increased the pressure required is decreased. 

It would seem from the preceding that 
the greatest rates of extrusion can be 
obtained by the use of higher temperatures. 
However, as is well known, other factors _ 
intervene to limit the rate of extrusion 
of aluminum alloys when increasing the 
temperature. These factors will be dis- — 
cussed in detail later. 


CHARACTERISTICS OF THE EQUIPMENT 


The capacity of the press determines 
the maximum unitary pressure that can be 
applied for any given cylinder diameter. 
Pressures used for extrusion of aluminum 
alloys range from approximately 50,000 lb. 
per sq. in. to 150,000 lb. per sq. in., 
dependent upon the alloy and the size of 
the shape extruded. Higher pressures — 
could be used to advantage, but. existe 
steels limit pressures earioved: in the 
production of extrusions. i 

Numerous mechanical Charaeeseiceee ‘< 
of the extrusion press affect extrusion 
rate. The most important characteristics 
of the press itself are: (1) sensitivity of 
the main pressure valve and accuracy — : 
of pressure gauges, (2) accuracy of equip- — 
ment to heat the cylinder uniformly and < 
to control cylinder temperature, and (3) 
accuracy of means of measuring the speed ‘~ 
of extrusion. The variables subject to con- Le 
trol uk the extrusion operation — are ; 


_ of the press should be such as to enable 
close control of these variables. 

; The strength of the auxiliary equipment, 
such as tool holder, die, back-up piece 
___ and block, may limit the maximum pres- 
sure that can be exerted during extrusion. 
For example, a die with a long tongue 
cannot stand as much pressure as a die 
with a short tongue. 

The length, contour and size of the 
extrusion die also affect the rate of produc- 
_ tion. The shorter the length of the die 
PE: bearing, the lower the pressure required to 
- extrude. This fact, well known to makers 
-of extrusion dies, is used when irregular 
shapes, with thin and thick parts, are 


variations of thickness the thicker parts 
tend to flow faster, producing warping, 
and, in extreme cases, breaking of the 
thinner sections. By lengthening the die 
in the place of the thicker sections, the 
flow is slowed down in these zones so as 
to get a more even movement of the metal 
through the die. — 

Another factor affecting the extrusion 
speed is the sharpness of corners or fillets 
in the extruded shape. Cracks or checks, 
produced by too high a speed of extrusion, 
always start at the sharp corners, so that 
the speed must be limited for shapes with 
sharp corners. Consequently, it is advan- 
tageous to employ as liberal radii as 
possible for aluminum-alloy shapes, partic- 
ularly for the stronger alloys. 

The size of the die opening also affects the 
rate of production. The friction between 
_ the metal and the die is higher the smaller 
the cross-sectional area of the shape, 
creating the need for higher pressures for 
thin material. The flow of the metal also 
_ is easier in shapes with large cross-sectional 
areas, because the internal friction of the 
~ metal is lower and consequently the pres- 
_ sure required is lower. 

The area of the cylinder divided by the 
area of the orifice or orifices in the die 
gives the reduction of area from ingot to 
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extruded shapes, which is termed extrusion 
ratio. It is evident that the larger the area 
of the orifices in the die, the easier it is 
to press the material through the die, 
therefore the lower the pressure required to 
extrude the material. 

For this reason the extrusion ratio 
should be kept as low as possible. For a 
determined shape this can be accomplished 
in two ways: either by reducing the size 
of the ingot to be extruded, or by using a 
multiple die from which several shapes are 
extruded at the same time. 

A reduction of the size of the ingot 


~ is not conducive to high production rates, 


since less material is extruded by one 
stroke and the time spent reloading the 
press for the next extrusion is many times 
more than the time that can be gained 
by speeding up the extrusion in this way. 
In a normal cycle of production, roughly 
as much time is spent preparing the press 
for extrusion as is required for the actual 
extrusion. A gain in the extrusion speed 
obtained by reducing the extrusion ratio 
through a reduction of the size of the ingot 
would produce a loss of production. 

There are limitations also to the use 
of multiple dies. The handling of too many 
shapes extruded at the same time from 
one ingot is difficult, and defects are likely 
to appear in the product. The maximum 
number of extrusions that can be handled 
economically varies with the shape and 
size of the product. Usually this limit ranges 
from two for complex shapes to eight or 
ten for small simple extrusions. 

Another factor that limits reduction of 
the extrusion ratio is the structure of 
the material. If the extrusion ratio is 
very low, say 2 to 3, the as-cast structure © 
is not broken up completely and the 
mechanical properties of the material 
are likely to be below minimum. This 
factor is not very important if the extruded 
product is to be further worked, but 
when the product is to be used as extruded, 
or finished to size by drawing, extrusion 
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ratios below s or 6 cannot be used. Figs. of a 2500-ton press in the extrusion 
1 and 2 show the effect of the ratio of strong alloys, the cylinder size and conse 
extrusion on the microstructure. quent diameter of ingot should be selected 


se 


FIG. 1. FIG. 2. 
Fic. 1.—24 S INGOT EXTRUDED WITH A RATIO 3. UNETCHED. X 500. 
As-cast structure not broken, only partially elongated. 
Fic. 2.—24 S INGOT EXTRUDED WITH A RATIO 10. UNETCHED. X 500. 
As-cast structure completely broken. ‘ 


SIzE AND STRUCTURE OF THE INGOT to extrude at pressures as close to 150,000 
lb. per sq. in. as possible. However, for 
softer alloys, a 2500-ton press can be used 
with larger cylinders, because the pressure — 
required to extrude these alloys i islower. 

The length of the ingot to be extruded — 
should also be considered. With the longer — 
ingot the surface in contact with the 
cylinder increases and correspondingly the — 
friction increases. As an example, doubling <a 
the length of an ingot of 14S, 17S, and 2s 
when extruding any particular shape will 
increase the pressure required approxi 
mately 15 to 20 per cent, and will decrease 


As previously mentioned, the capacity 
of the press determines the maximum 
pressure that can be applied for any 
given cylinder diameter. 
men The unitary pressure exerted on the 
ingot is the main factor governing the 
rate of extrusion. It is evident that the size 
of the ingot is governed by the peeeks of 
the press. 

In technical control of extrusion we 
are interested in utilizing the press capacity 
efficiently within practical limits, and this 
determines the diameter of ingot to be 
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press will allow the application of 150,000 5° t© 75 per cent, if other factors remain — 
ay lb. per sq. in. on the aluminum-alloy Unchanged. 
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cylinder in the same press will allow the pressure required for the longer ingot 
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that is, if extrusion is being performed 
employing minimum temperature and 
maximum press capacity, in order to 
obtain the highest speed. Since the length 
of the ingot to extrude affects pressure, 
_ temperature, and speed to such an extent, 
it will be discussed in detail. 

_ The length of section or shape to be 
extruded should be limited to 60 ft., or 
- shorter, as it has been observed that this 
generally allows extrusions to be produced 
at the highest speed with the best sur- 
face. Other considerations determining 
_ the length are the handling methods, the 
_ finished length, the maximum rough length 
_ that can be heat-treated, and the amount 
of butt end or discard. 

_ The charging of the ingot in the cylinder, 
the charging of the dummy or follow-block, 
the movement of the press ram forward, the 
building up of pressure required for 
extrusion, the slackening off of pressure, 

the running out of tools, the movement 
_ of the ram, and the shearing off of the part 

of the ingot not extruded (termed butt 
end) requires time other than that required 
for actually pushing the shape through the 
die. This time will be referred to as the 
loading time, and for a 6}4-in. cylinder 
in a 2500-ton press will amount to approxi- 
mately 2 min. This idle time must be taken 
into consideration when determining the 
most efficient ingot length to use; for 
example, the following case: 
x. Shape having area of 0.165 sq. in 
is to be extruded through a four-hole die. 
2. Ingot diameter to be used, 6.25 
inches. 
3. Finished length, 12 ft per piece. 

The following comparison is between 
clic production to be obtained when 
' extruding ingots under the conditions 

fc _ described, to obtain two finished lengths per 
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E ‘om one charge will be 8, and in the second 
- will be 16. 
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a Ib both « cases the extrusion ratio (ratio 
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of ingot cross-sectional area to area of 
shapes extruded) would be: ingot diameter 
6.25 in., area 30.66 sq. in.; four shapes 
having 0.165 sq. in. area equal to 0.660 sq. 


in Se 6 ratio of extrusi 
Sarreise. of extrusion. 


Two Pieces per Hole 


To obtain two finished lengths of 12 ft. 
each, it is necessary to extrude approxi- 
mately 26 feet. 

This extruded length, 26 ft., divided by 
the extrusion ratio, 46, gives the length 
of ingot required (0.57 or 0.6 ft.). The 
length of ingot required is then 7 in. plus 
a 10 per cent allowance for butt end or 
discard, which makes the total length 
8 inches. 

Assuming that an 8-in. long ingot will 
allow extrusion at 16 ft. per min., the 
extrusion time required to extrude the 
26-ft. length will be 26%, = 1.63 minutes. 

This time, added to the loading time 
of 2 min., gives the total time required 
for one cycle as 3.63 min. The number 
of cycles in one hour will therefore be 
60/3.63 = 16.5 cycles per hour. The 
number of finished lengths produced per 
cycle is 8, so that the total of pieces 
produced in one hour will be 8 X 16.5 
= 132 pieces. 


Four Pieces per Hole 


To obtain four finished lengths of 12 ft. 
each, it is necessary to extrude approxi- 
mately 52 ft., and 52 ft. divided by the 
extrusion ratio, 46, gives the length of 
ingot required as 14 in. With the addition 
of ro per cent for butt discard, this length 
becomes 15.5 in., or, in round figures, 16 in. 


“The extrusion speed for this ingot will 


be approximately 8 ft. per min., so that 
extrusion time will be 52g = 6.5 minutes. 

Adding the 2 min. loading time, the 
total time will be 8.5 min. per cycle, 
60/8.5 = 7 cycles per hour. The number 
of finished lengths produced per cycle 
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is 16, so that the total production per 
hour is 16 X°7 = 112 pieces. 

Therefore, in this particular case, the 
use of the shorter ingot would result in 
approximately 17 per cent more press 
production as compared with that produced 
from the longer ingot. In other cases, 
however, it may be more efficient to 
use the longer ingot. The only way to 


‘determine. which is the most efficient is 


to try both the short and long ingot 
whenever there is a question; although, 
through experience, it can be judged 
rather closely. 

The alloy composition is also an impor- 
tant factor in the extrusion rate. The 
various aluminum alloys require different 
pressures to extrude; those alloys re- 
quiring the least pressure can be extruded 
at the highest speeds. 

The common aluminum alloys, listed 
in order of required pressure of extrusion, 
from the lowest to the highest, are: 


28 

38 

535, 61S 

525, 259 
14S, 17S, 11S 
245, 18S, 56S 
758, R303 


The more pressure an alloy requires for 


extrusion, the higher the temperature 
required, and subsequently the lower the 
allowable extrusion speed. The structure 
of the metal is also a very important factor 
governing the rate of extrusion. 

Aluminum alloys in the as-cast condition 
tend to show a cored structure, as shown 
in Fig. 3. This tendency, which is prac- 
tically absent in alloys with low content 
of alloying elements, like 2S or 3S, is 
very pronounced in alloys with high copper 
or magnesium contents, as 24S or 56S. The 


network visible in this figure has a higher » 


copper content than the average and there- 
fore is harder than the normal alloy when 
homogeneous. Naturally, this hard network 


oe 


will require higher pressure of extrusion — 


of as-cast ingots must be conducted at 
lower speeds than ingots having homo- 
geneous structure. By controlling the 
casting procedure, it is possible to reduce ~ 
this coring effect; however, the control — 
required is so close as to make it impossible 
in normal conditions of production. To 
minimize this lack of homogeneity of the — 
material, a solution treatment of the ~ 
ingot is necessary.® 

The temperature to be usedis determined __ 
by the alloy, and it is the highest that — | 
can be used without producing eutectic 
melting in the alloy. The time of the soak- 
ing is governed by the type of ingot, size, — 
and alloy, and ranges from 2 hr. for small > 
ingots up to 20 to 24 hr. for large ingots © 
of alloys with high magnesium content. 
Even after such a long period the structure —__ 
of the material is not completely homo- — 
genized, as shown by Fig. 4, but the 
remaining segregation is so reduced as to 
make a longer soaking uneconomical. 

For high-strength aluminum alloys, — 
it has been found‘ that a slow cooling 
after homogenization permits lower pres- 
sures to be employed. The slow cooling 
permits dissolved constituents to precipi- 
tate out of solution so that the ingot is 
in the annealed state, rather than in the 
solution-treated state. Naturally, this slow — 
cooling can be employed advantageously 
only when the temperature at which an ~ 
ingot is reheated for extrusion is not so © 
high as to produce appreciable solution of 
constituents. 5 


Temperature ‘ia 

The temperature of the material being — 
extruded and the temperature of the 
equipment are very important factors 
governing the rate of extrusion. When — 
extruding, stresses are set up in the shape ~ 
at the point where it emerges from the die. — 
The higher the extrusion pressure, the 
higher these stresses. If these stresses 


exceed the strength of the shape, breakage 
will occur. The strength of aluminum 
alloys, as of all other materials, decreases 
with increasing temperatures. This de- 
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For these reasons, the speed of extrusion 
is dependent upon the temperature, not 
only as a function of the pressure that 
will generate stresses, but also as to the 


Fic. 4. 


Fic. . —AS-CAST STRUCTURE OF A 14S INGOT. ETCHED WITH KELLER’S ETCH. X 75. 

Notice darker color of dendritic network, resulting from higher copper content. 

Fic. 4.—HOMOGENIZED STRUCTURE OF A 148 INGOT. ETCHED WITH KELLER’S ETCH. X 7 

Notice almost complete disappearance of color difference of dendritic network, cneeine that 
the Cu content has been equalized by the homogenizing treatment. 


crease is particularly appreciable at the 


- temperatures used for extrusion. 


A large part of the work produced by the 
extrusion is transformed in heat,® most 


‘of which is dissipated to the air, either 


directly from the shape or through the 


f cylinder and die. When the rate at which 
this heat is generated surpasses the rate 


of dispersion, the temperature of the shape 
will rise. Under conditions normally used 
the temperature of the shape emerging 


- from the die increases as the extrusion 


progresses. This rise in temperature will 
further reduce the strength of the material, 
and in extreme cases may be of such a 


magnitude that the eutectic temperature 


of the alloy being extruded is reached. 


At this temperature the strength of the 
alloy drops abruptly. 


amount of heat generated in the unit of 
time. Fig. 5 illustrates the effect of tem- 
peratures in the range between 600° and 
goo°F, on the pressure and the speed 
allowing extrusion of a commercial product. 
The speed shown in Fig. 5 represents the 
approximate maximum that can be used 
without producing breakage of the shape. 
The curve of the pressure shows the pres- 
sures required to obtain the speeds shown 
in the graph. 

From this graph it is evident that 
decreases in temperature in the range of 
600° to 725°F. have much more effect 
on the allowable speed for the aluminum 
alloys considered than have corresponding 
decreases of temperature above 725°F. 
On the contrary, the pressure is little 
affected at the lower temperatures con- 
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as possible, the ingot will be at: as 
temperature at the start and will be cooled j 
down gradually by the cylinder, which is at 

a lower temperature. < a 


sidered, but decreases sharply at the higher 
temperatures. 

A comparison of the curve renbencaente 
the maximum allowable speed as shown in 


‘4 


Allowable extrusion speed, ft. per min. 
Extrusion pressure, |b. per sq.in. 


850 


600 650 100 150 800 


Ingot and cylinder temperature, °F 


Fic. 5—APPROXIMATE RELATION BETWEEN TEMPERATURE, PRESSURE, AND ALLOWABLE SPEED IND ; 
EXTRUSION OF 14S, 17S, AND 24S. OTHER FACTORS CONSTANT. . 


900 


Fig. 5 with data®78 on the mechanical 
properties of aluminum alloys at elevated 
temperatures shows a very close relation- 
ship. This relationship shows that the 
main factor governing the maximum 


allowable speed is the strength of the 


material when emerging from the die as 


pointed out previously. 


As is well known, in direct extrusion the 
pressure is maximum at the start and then 


decreases with progression of extrusion.’ 


_ For minimum pressure requirement, the 


material should be as hot as possible at 
the start of extrusion. On the other hand, 
when extrusion has started, the pressure 
will drop and the important factor becomes 
the speed of extrusion. To obtain maximum 
speeds of extrusion, the temperature of 
the emerging shape should be as low as 
possible. 

These contradictory requirements can 
be met by having the ingot at a higher 
temperature than the extrusion-press cyl- 
inder. If the extrusion is started as quickly 


Actual production data have shown that 
the best results with strong aluminum fe 
alloys are obtained when this temperature — 
difference is of the order of 50°F. In strong _ 
aluminum alloys increases of allowable — 
speed from 25 to 60 per cent have esta 
obtained when using this temperature q 
difference, as compared with extrusions — 
conducted with ingots at a temperature _ 
too° to 200°F. lower than the cylinder — 
temperature. - 

In the latter case maximum pressure is 3 
required to start extrusion and there is a _ 

. Tee = 
marked drop in required’ pressure when ~ 
the charge is started. In the first case 
maximum pressure is also required at the 
start, but the pressure drop is not as 
great because of the cone of the ingot 
by the cylinder. 

The large mass of the press cylindene i 
relation to the mass of the pies causes th 


starting ingot temperature will extract heat 
from the ingot as extrusion progresses. This 
enables extrusion at a higher speed,. since 
it lowers the temperature of the emerging 
shape and tends to counteract the normal 
increase in temperature obtained in the 
_ shape as extrusion progresses. Since the 
_ temperature of the shape limits the allow- 
able stresses, and these stresses are depend- 
. ent upon the pressure and therefore govern 
the speed of extrusion, it is evident that a 
close control of the temperature of the 
‘cylinder is an important factor. 

The most important zone of the cylinder 

in regard to temperature of the shape is 
the die end. Especially close control in this 
zone is very important. 
Die, back-up and block temperatures 
also are important, especially when extrud- 
‘ing shapes less than 0.064 in. thick, 
since the thinner shapes cool more rapidly 
than the heavier shapes when passing 
through the die. 

Attempts have been made™ to cool 
the die either during extrusion or between 
cycles. This would permit the use of high 
temperatures of the ingot, which are con- 
ducive to higher speeds, and at the same 
time would keep the temperature of the 
emerging shape low enough to obtain in 
the shape sufficient strength to withstand 
__ the higher stresses produced by the higher 
speeds. 

Numerous other factors affect the rate 
of extrusion, such as condition of the die, 

_ mechanical troubles, tolerance allowed and 
cleanliness of the metal, but the factors 
‘covered in this paper have proved to be 
_ the most important ones and those requir- 
a ing close control to obtain maximum 
- production. : 


SUMMARY 


The most important factors governing 
the rate of extrusion of aluminum alloys 
__-were discussed: 
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1. The characteristics of the extrusion 
press and auxiliary equipment are limiting 
factors in production. 

2. The ingot size and structure affect 
the rate of extrusion—longer ingots require 
greater pressures. Higher extrusion ratios 
require greater pressure. The stronger 
alloys require lower pressure in the homog- 
enized condition than in the as-cast state. 

3. The temperature of the ingot and 
cylinder and their relationship affect the 
rate of extrusion to a marked extent. 

The main factor governing the maximum 
allowable speed is the strength of the shape 
at the time it emerges from the die. This 
strength is dependent upon the tempera- 
ture of the shape at this point in the 
operation. 
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DISCUSSION one of the copper-brass industry, and th i 

a } 

i 


(A. B. Cudebec presiding) 


This discussion refers also to the paper 
by W. W. Cotter and W. R. Clark, pp. 


447 to 457. 


W. R. CrarK.—The subject mentioned is 
rather a broad subject and when Major 
Cudebec asked us to prepare a paper, we 
were not familiar with the fact that Mr. 
Pearson, in England, had just published or 
was in the process of publishing quite an 
extensive treatise on the subject of extrusion, 
which covered the entire field. 

We were, therefore, more or less ata loss to 
know what to prepare, and of necessity we 

confined ourselves to the copper and brass 
problems, such as we had encountered in our 
own factory in extruding the well-known alloys 
and in attempting to extrude some of the 
lesser known alloys in attempts to develop 
better and stronger materials. 


THE CHAIRMAN.—We now have the pleasure 
of a paper presented by Mr. T. L. Fritzlen. 


T. L. Fritzten.—I would like to preface 
the presentation of this paper by a few remarks 
on the extrusion process in general. 

Extrusion of aluminum alloys for a con- 
siderable number of years was more in the 
nature of an art than of a science. This paper 
evaluates the extrusion factors, particularly 
applicable to the stronger alloys of aluminum, 
with respect to technical control. 

In other words, an attempt has been made 
to remove extrusion from an art to a science. 
However, extrusion of aluminum shapes is 
somewhat of a jobbing operation, and there 
are so many factors that affect the extrusion 
of any one section with relation to the alloy 
that the paper is somewhat general. For 
example, the extrusion of a plain angle with 
equal legs and equal thickness differs con- 
siderably from an angle of the same thickness 
with legs of unequal length, or from an angle 
that has one leg of one thickness and another 
leg of a different thickness. 


THe CHAIRMAN.—Two short films of ex- 
trusion methods will now be shown; the first 


second of the aluminum industry. 


(The films were shown) 


Now we have about an hour of Panel Board 
discussion. As the Panel Board members, 
we have: Mr. W. W. Cotter, from the Bridge- — 
port Brass Co., Bridgeport, Conn.; Mr. R. W.. — 
Andrews, Jr., of the Aluminum Company of — 
America, Pittsburgh, Pa.; Mr. A. W. Winston, — 
of the Dow Chemical Co., Midland, Mich., — 
and Mr. G. M. Bouton, of the Bell Telephone 
Laboratories, New York. 
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C. H. Loric.*—I have a number of ques- 
tions that I would like to ask Mr. Winston. — 
One is: To what extent has magnesium ex- — 
trusion been developed? Is it now available | t 
for general use or is it still limited to the 
specific purposes? What is the outlook for the 
future? 


i 
e 


A. W. Winston.—Referring to the first — 
question, it may be said that magnesium 
alloys are being extruded regularly in com- 
mercial production, and are available in a 
wide variety of shapes for general use. = 

The extrusion of magnesium sections began 
in 1930 in this country, but they did not 
become well known until the latter part of — 
the decade. With the development of the 
war program, several fabricators came into 
the field, and at this time there are at least — 
four who are competent in the field of mag- 
nesium extrusion. During the war, very con- 
siderable quantities of extruded magnesium = 4 
structural shapes were used successfully in 
military aircraft. 

An adequate number of magnesium ies 
is available, and it is possible to extrude these 
alloys in a practically unlimited variety of — 
shapes, as may be required for specific applica- 
tions. The largest structural section made up 
to the present is a 1o-in. I-beam, extruded 4 
in a 5500-ton press from a billet that is 12 in. — 
in diameter. Billets as large as 16 in. in diameter — 
have been used in the production of large 
bars and slabs. 

As they possess very favorable strength- 
weight ratios, extruded magnesium alloys | 
undoubtedly will be chosen in the future for 
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many applications in which the maximum 
lightness is desired. 


J. Attco.*—Has any work been done with 


homogenized magnesium billets prior to 
extrusion? Does homogenization tend to 
improve a magnesium extruded shape or 


is it not necessary to go to that extent? 


A. W. Wtnston.—Whether magnesium 


_ pillets should be homogenized before extrusion 


will depend upon the alloy and type of billets 
being extruded. 

Tf it is the alloy containing magnesium and 
1.5 per cent manganese (Dowmetal M) 
homogenizing is of no value and extrusion 
may be started as soon as the billets are 
brought up to temperature. 

With material containing a higher alloy 
content, such as the alloy containing 8.5 per 
cent aluminum and about 0.5 per cent zinc 
(Dowmetal O), homogenizing before extrusion 
is performed frequently. It depends to some 
extent upon the metallurgical structure of the 
billet. 

Formerly, billets were made in heavy- 
walled cast-iron molds, and considerable 
segregation of magnesium-aluminum com- 
pound in large particle sizes was present. It 
was very necessary to homogenize billets of 


this type in order to secure the solution of the 


constituents and freedom from compound 
stringers in the extruded product. 

At the present time, direct-chill continuously 
cast billets are used with very fine grain size, 
very small compound particle size and good 
distribution of the compound. It is no longer 
necessary for most applications to homogenize 
before extrusion. 


W. R. CrarK.—Do the pressures and 
temperatures involved in extrusion of mag- 
nesium closely follow those of aluminum? 


A. W. Wryston.—The extrusion tem- 


peratures with magnesium vary somewhat 
- with the alloy composition, but are in the 
range of from 600° to 800°F. 


The pressures involved run from about 
50,000 Ib. per sq. in. unit pressure on the 
billet to as high as 150,000. In Mr. Fritzlen’s 


paper, about the same pressure range is 
- mentioned for aluminum alloys. 


_- *Singmaster and Breyer, New York, New 
_ York. 
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The pressure, of course, will vary, depending 
upon the shape of the section being extruded, 
the lower pressures applying to heavy bars 
and rather low reductions. By that is meant a 
small reduction from the original billet area. 
The higher pressures will apply to thin sections 
that may be extruded with a much higher 
reduction or extrusion ratio. For magnesium, 
the ratio should be at least ro to 1, and pre- 
ferably 20 to 1. 

Perhaps Mr. Andrews can supply com- 
parable data for the aluminum alloys. 


R. W. Anprews, Jr.—Generally speaking, 
the temperatures for aluminum are approxi- 
mately the same as those for magnesium as 
Mr. Winston has outlined them. 

There is just one thing about this question 
of pressures that I like to think about. After 
all, an extrusion die is nothing but a fluid 
orifice, and if. you remember your hydro- 
dynamics, with a given head on one side and 
discharging to atmosphere on the other, the 
pressure required to maintain a certain speed 
or a certain quantity of flow is regulated by 
the character of the orifice itself. 

So that, generally speaking, the only 
reason that we are interested in pressures 
is that we are limited by the maximum specific 
pressure we can apply to the ingot. I would 
like to point out a difference in nomenclature 
between aluminum and copper and brass, 
in which we choose to call the piece of metal 
that we put into the extrusion container an 
ingot, because it is cast and not previously 
worked. ; 


T. L. FritzLen.—If magnesium tubing is 
made, which I assume it is, is it made by 
extruding a hollow ingot and subsequent draw- 
ing either hot or cold, or is it extruded from 
a solid ingot? 


A. W. Wrnston.—Magnesium tubing can 
be made either by extruding a hollow or solid 
ingot or billet. It is possible to use solid billets 
and pierce them in the conventional way but 
this is not the usual method. Some tubing 
in the smaller sizes is made from bored billets 
in an extruder with a fixed mandrel on the 
stem. Most of the magnesium tubing produced 
today, however, is made from solid billets 
by the use of “‘spider” or “bridge” dies. 

The tubing usually is extruded to size and 
is not subsequently drawn or otherwise pro- 
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cessed. Magnesium can be drawn but the 
reductions must be lighter than with other 
nonferrous metals, and more frequent annealing 
is necessary. It appears to be more economical, 
therefore, to extrude to size. 


A. R. Kaurmann.*—In the extrusion of 
magnesium do you sometimes encounter 
so-called rattlesnake or Christmas tree effects 
in the rods, like those in aluminum under 
improper extrusion conditions? Rings develop 
around the rod if a rod is being extruded, and 
finally it breaks up into short segments. 
Is the condition known to be related to the 
friction between the magnesium and the die, 
or the conditions of lubrication, or the tem- 
perature produced as determined by the 
rate of extrusion, or just what might be the 
conditions? 


_A. W. Winston.—The trouble sounds like 
exaggerated tensile hot-short cracking of the 
surface caused by extruding too fast at too 
high a temperature, with perhaps an incor- 
rect entering radius or too long a land on the 
die. The center material tends to go faster 
than the outside surface in contact with the 
die, which exerts considerable frictional 


restraint. The die may need to be redesigned 


to balance the restraint over the entire cross 
section of shape. 

The usual correction would be to reduce 
the speed and temperature and possibly adjust 
the die design. The trouble occurs once in a 
while with magnesium but, of course, is 
avoided as much as possible. 


H. B. Burracx.j—I would like to ask 
Mr. Andrews two questions: 
1. Frequently statements are heard from 


people in the high-strength wrought-alu- 


minum alloy field that when an as-cast ingot 
cannot be rolled because of its brittle qualities, 
it is possible to extrude it successfully; for 
instance, high-magnesium aluminum alloys 
can be extruded successfully although they 


are generally, from the practical standpoint, 


considered impossible to roll. 


2. In the motion picture just presented 


by our company, no indication was given as 


* Massachusetts Institute of Technology, 
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improving the corrosion. 


a Ss 


resistance of extruded shapes by means of — 


cladding. Practically all of our sheet products, 
during the war, were clad so as to provide 
for the best possible corrosion resistance under 


service conditions. What are the prospects of 


cladding extrusions at present? 


R. W. ANDREWS, Jr—I think I should 


preface my answer with a statement that I 
‘am a mechanical engineer and not a metallur- 


gist. I have not the slightest idea of the metal- 
lurgical aspects (if there are any) of your 
question. 

However, I think that frequently we draw 
conclusions from inconclusive evidence. I 
think that a great many times we say that 
things cannot be rolled because we do not 
attempt to roll them the right way, and we 
say they can be extruded because extrusion 


~is a relatively simple, inexpensive means of 


producing a complicated shape. 

Rather obviously, extrusion can do many 
things that rolling cannot do, for the reason — 
that it is impossible to have reentrant corners 
in a rolled shape. 


i 
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The very elements of shape rolling limit the | 


type of shapes that can be used. If you noticed — 
some of the exhibits outside—and we have 
some 50,000 or 60,000 different extruded 
shapes, which have been made over a period 
of years—nine tenths of those are produced 
because they are shapes that could not be 
rolled or because they are produced in quanti- 
ties that are uneconomical to roll. 


The extrusion process, generally speaking, — 


is a very desirable process for many intricate 
shapes that would require very expensive 
tooling, very expensive roll costs. 


When you are dealing entirely with structural _ 


shape—that is, conventional stuff out of the 
Steel 
things that can be rolled in steel most cer- 


tainly can be rolled in aluminum, so that _ 
leaving metallurgy out of the question for 
the moment, which I cannot answer, my own 


feeling is that the answer to your first question 


is a mechanical answer rather than a metal-. re 


lurgical one. 


Construction Institute Handbook— 


Your second question deals with cladding q 


of extrusions. That is something that we _ 4 
would all like to see. It is something that i is” cig, 


a 


not commercially developed today. 
I think that there has been a great dea 
of very satisfactory experience with the clad — 


* 
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“sheet. There are development programs of 
various types along the lines of cladding of 
shapes; but again, shapes are most intricate. 

Going through anybody’s extrusion book— 
and I do not think that is limited to aluminum; 
I think it applies to magnesium and copper 
and brass and the other people who are pro- 
ducing brass—it is a pretty complicated 
proposition. 

I am hardly prepared to predict today 
whether or not clad shapes will be a com- 
mercial proposition in the next few years. 
Certainly they are being thought of, but there 
are a great many technical problems involved 
that have to be licked first. 


K. R. Gusrarson.*—It is my understanding 
that in your present price book, you are adver- 
tising a product known as extruded tubing, and 
further, that this is a straight-wall product 
furnished in all types of common and strong 
aluminum alloys. My question is: What ratio of 
reduction from billet to tube, and what ratio of 
reduction from billet to port opening, would 
you recommend as limitations to produce a 52S 
or 24S porthole tube? 


R. W. Anprews, Jr.—Again, I have to 
plead a little ignorance. Being a mechanical 
engineer, I have seen the aluminum price book 
perhaps only once or twice in the years that I 
have been with the Aluminum Company, so 
you probably know it better than I do. | 

The extruded tubing to which you refer is 
substantially straight wall. Your question was a 
little bit confusing because you referred to 
porthole. There are several methods of produc- 
tion currently in use. ; : 

Now porthole tubing is the bridge type of die 
tubing referred to by Mr. Winston with regard 
to magnesium, in which a solid ingot is used. 
The metal is parted and then reunited at the 
die. 

a Generally speaking, extrusion ratios there 
will run probably from at least ro to 1, well up 
toward so or more. As far as pressures are 
concerned, again this is an orifice problem. 
Along with the orifice problem is the problem of 
- — gurface friction and flow stress in the metal. 
There are all kinds of losses in an extrusion 
operation. Mr. Pearson’s book gives formulas, 
and Dr. Sachs’ book; also, a number of others. 


_-- * Revere Copper and Brass Co., Halethorpe, 
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All of them total up the forces required for 
extrusion. They total them up with a factor 
attached to each one which has to be deter- 
mined in each particular case. So there is no 
mathematical method of prediction of pressures 
required. 

It is obvious that every time the metal has to 
turn a corner power is required. Consequently, 
the total force necessary to produce a straight- 
walled, so-called porthole-die extruded tube is 
considerably larger than a tapered-wall ex- 
truded tube. 

I cannot tell you how much, because it will 
vary almost from application to application. 
But again, we are not concerned with the force 
for a particular job. The orifice in the die 
regulates that. 

The steel in the container regulates the 
maximum force and the maximum pounds per 
square inch that we can put on the ingot, and 
if we use a porthole die where the path is 
devious we are using more of the total power 
of the press in frictional heat in going around 
the corners and getting around to the point 
where the extrusion actually takes place than 
we do on an ordinary straight extrusion. 

There is no mystery about it, but it is 
extremely difficult to assign values to a thing 
like that. 


Memser.—Has 245 been successfully ex- 
truded on a porthole die? 


R. W. Anprews, Jr.—Yes, it has; 24S has 
been extruded successfully on a porthole die. It 
is not easy, but it has been done and it can be 
done. It takes a lot of power obviously, but it 
has been done. ml 


J. Atico.—Perhaps Mr. Andrews could tel 
us a little bit about the progress that has been 
made with tapered extrusions and stepped-up 
extrusions? There has been some literature on 
it, but I would like to know whether anything 
more has been done on those processes. 


R. W. Annrews, Jr.—I will take those in 
the order in which you raised them. As far as I 
know, tapered extrusions are not offered to the 
trade. Some of you here who are in the extru- » 
sion business (aluminum alloys) may take ~ 


-exception to that statement. There are a few 


methods of tapering certain sections in an 
extrusion. In his volume-on the extrusion of 
metals, Claude Pearson shows several methods 
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in which a mandrel is used which is moved for- 
ward or backward and produces a tapered 


surface. It does not produce a completely 


tapered extrusion. 

Stepped-up extrusions were developed largely 
for aircraft spars. Large airplanes such as large 
bombers, judging from the size of the spars, 
have, I would say, extremely large cantilever 
bending moments on their overhung wings, 


which have to be supported by one or more 


main structural members through the wings, 
which are called the spars or spar caps. Since 
the wings are removable, it is necessary to have 
a rather large attachment, and the attachment 
in that structural member has been a distinct 
problem. 

Stepped extrusions were developed for that 
purpose. They consist of two general types; one 
in which there is a common surface between the 
extrusion of smaller cross sections and the 
extrusion of larger cross sections; and one, an 
uncommon surface type, in which the two 
shapes are similar but no surface is common to 
the two. 

What happens is this: The proportions of the 
heavy end to the lighter end are determined by 
the aircraft designer, because he must take that 
stepped extrusion and machine it to a contin- 
uously tapering piece of metal. Almost always 
he has to have a bulb on the end of the attach- 
ment and the bulb is extremely heavy. That is 
the primary reason for the use of stepped 
extrusions. It has saved many thousands of 
pounds to the aircraft designer. 


THE CuHAtrMAN.—Now we would like to 
devote a few minutes to a discussion of the 
extrusion of copper and brass. I think the time 
will permit us to come back and ask questions 
in regard to aluminum and magnesium later, 
but we want to be sure that the subject of cop- 
per and brass has been thoroughly discussed. 


E. W. Patmer.*—I should like to ask Mr, 
Cotter to discuss the causes and possible cures 
of the extrusion defect of pipe or core? 


W. W. Cotter.—The question is: The 
causes and cures for pipe or core in sections of 
extrusion ? 

That comes primarily with solid sections, not 
so much with tubular sections, unless the wall 
thickness is very heavy. 


* American Brass Co., Waterbury, Conn. 
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The core is caused primarily by the oxidation © 


of surface material in contact with the con- 


tainer walls being drawn into the flow through 4 


the die of the center portion of the billet. 


It is possible to greatly reduce this flow } 


through scalping of the billet by using a dummy 
whose diameter is smaller than the inside diam- 
eter is smaller than the inside diameter of the 
container. This may be from 0.050 to 0.100 in., 
depending upon the alloy, but should not be 
sufficiently smaller to create any amount of 
back flow of the metal between the die and the 
dummy. 

- The major cause of pipe or core is the inclu- 
sion of oxidized surface material from the sides 
or ends of the billet being drawn into the cur- 
rent of flow of sound metal through the die and 
failing to weld to this metal. 


It is sometimes helpful to resort to multiple- 


hole extrusion, where several dies are located at 
points midway between the surface and the 
center of the billet, so that metal flows into 
them from both directions. 

Another helpful practice is preforging the 
billet; i.e., upsetting it in the container until its 


exterior surface is in complete contact with the | 


interior surface of the container, pausing 
momentarily to permit uniform chilling of this 


surface and then proceeding to complete the ~ 


extrusion. By so doing, the smaller dummy will 
tend to center itself, and leave a complete 
cylindrical shell in the container, which later is 
removed. 

Even with these precautions, if extrusion 


continues until the butt end of the unextruded ~ 


material is too short, pipe or core metal will be 


drawn into the stream from the ends of the 


billet and will result in unsound ends of 


the extruded section, which must later be 


discarded. 
Long rods weighing as much as 500 lb. have 


been successfully made by single-hole extrusion 
through dies of large diameter when these prac- _ 


tices have been followed. 


Tubular formations are not so apt to pipe or 
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core because the material flows both frominside 


and outside into the annular space between the 
die and the piercing mandrel. 


Upsetting or preforming the billet beloxe ; . 
piercing is desirable-in the extrusion of tubes, in — 


order to minimize eccentricity. 


Rods have been made on a tube machine by a 


inserting the piercing mandrel only part of the a 


way into the billet and holding it in this 
_ position. Material is then extruded around the 
end of the mandrel through the die and forms a 
- solid rod. 

There is some indication that in the extrusion 
of fairly large rods by this method there may be 
a reduction in resulting scrap. An engineer 
- from South Norwalk attempted to demonstrate 
this on one of our older style machines, and 
~ he did show that there were some possibilities 
_ in that direction. But in general multiple-hole 
dies, plus scalping, plus preforging makes it 
- possible to reduce pipe tendencies very largely. 


Z C. R. MarsLanp.*—Does the outside defect 
~ on extrusion occur only on rather small reduc- 
- tions or is it common to reductions of a large 
- percentage? In the paper there was a reference 
to inverted extrusion as giving an outside 
__ blistering defect. Is that common to all reduc- 
tions, or does it occur only when a small reduc- 
tion is taken? 


_—-W. W. Cotter.—Inverted extrusion has not 
been generally practiced in this country. It does 
lead to a tendency in the oxidized surface 
material to appear on the surface of the ex- 
_ truded rod as blisters when scalping is not used 
because of difficulties in separating the tools 
from the discards. 

I do not know a firm today that is using 
inverted extrusion on any of the common 
_ products in the brass and copper industry. I 
think it has been superseded and I doubt 
_ whether it will be utilized again in any of our 
common materials such as market brass rod, 
__ rivet wire, bronze rods and engineering mate- 
: rials so commonly demanded at the present 
~ time. 
paki 1s dice otedly, opposite to the first 
subject I discussed, and I do not think it is a 
s question worth thinking about or carrying 
a forward, because I do not see any future to an 
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4 and types of equipment, with which we can do 
so many things i in combination to get the very 
_ best results in all commercial forms of material. 


_W. L, CrarK.—May I say a word about 
, ~ coring. I do not think Mr. Cotter brought out 
ae the fact, which we all recognize, that coring or 
pipe is the result of drawing an oxidized surface 
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from the billet into the flow of extrusion, and 
the point he raised in upsetting the billet first 
means that the billet surface is somewhat 
chilled by contact with the inside surface of the 


container, which necessarily is colder than the 


billet in brass extrusion. 

He brought out the point that we use a 
smaller dummy block, which really broaches 
out the center portion of the billet and leaves 
that oxidized surface in contact with the con- 
tainer, so that no surface material is drawn into 
the extrusion until the remaining billet length is 
so short that some of the surface from the 
dummy block and from the face of the die is 
eventually drawn in. 


MemsBer.—I am interested in an extruded 
bar of a definite size, from any material—mag- 
nesium or aluminum. I am interested in the bar 
stock, not the shape bars or rods which are 
extruded through approximate size, and 
through the machine to a definite size. I am 
interested in a 14-in. diameter bar to reduce it 
to a much smaller figure. During that machin- 
ing, the removal of stress is caused in a large 
measure to bulb. Are extrusions better or worse 
than rolled stock from that standpoint? 


W. W. Corrrer.—I can start the discussion 
by saying that very different grain structures 
are obtained in the rolling operation and in 
extrusion. 

Basically speaking, the extrusion process is 
all compression. The materials are not in 
tension when you work them, and when you roll 
them. Consequently, I will say that in extrusion 
we obtain a very fine short-grained material. 
The greater the reduction, the finer the initial 
grain size. If you want to further refine that 
extruded grain, you must do it by drawing, 
rolling or otherwise, as is common practice in 
producing small diameters of wire or small rods. 

Extruded products have their limitations, 
just as rolled products do. We get with this fine 
short-grained structure the ability of materials 
to stand extreme spinning, heading or other 
operation, but we do not get the virtue of a 
rolled product. 

An illustration of that is a motorboat shaft- 
ing, where torque and fatigue must be con- 
sidered. With respect to the question of size of 
the products with the skin removed—those are 
physical conditions, which might come from the 
machining operation of the drawing operation, 


472 


or lack of proper preparation of the base’ 


material. 


Extruded metal even carries strains, just as. 


rolled material carries strains in its cooled but 
hot-worked state, and those strains must be 
relieved if you hope by corrective measures to 
get a straight bar. 

It would be possible to make one product 
into a finished product interchangeably by 
using the same finishing methods, but the stock 
must be prepared before the finishing methods 
are applied to get the physical properties at the 
end. 

You can heat-treat and normalize and cold- 
work such products to get any condition of the 
final product. 


A. B. Cuprsrec.*—I imagine a number of 
people here this afternoon hoped that we would 
have information conveying the latest develop- 
ment in connection with the extrusion of the 
nickel alloys. 

Mr. Clappier, of the International Nickel 
Co., who expected to be a member of the Panel 
Board, could not be here, and I would therefore 
ask your indulgence for a moment to give you 
an over-all picture, as I understand it, of the 
present development of nickel-alloy extrusion. 

Nickel alloys have been commercially ex- 
truded by only one company, the International 
Nickel Co. This is a new field and it has been 
working successfully with a large production 

- for about 18 months. I believe this has been 
devoted very largely for war purposes. 

The problems that enter into nickel extrusion 
are quite different from those with either of the 
light metals, or the copper and brasses, in that 
temperatures are much higher. Nickel alloys do 
not extrude below 2150° to 2250°. 

Unfortunately the temperature band at 
which nickel alloys will extrude is very nar- 
‘row—perhaps not wider than 50° or under. 

' Therefore, temperature controls must be held 
very close. Moreover, working with tempera- 
tures between 2150° and 2250°F., the question 
of heat in the tools and in the machines is most 
critical. Therefore, extrusion of nickel alloys, 


io formed quickly, Extrusion of these alloys has 
been on a commercial scale for a number of 
_ years in Europe. 
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and also of the stainless steels, must be per-— 


merely shifting from drawn aabliig to. vextru 


Every possible means must be found to get 
the ingots or billets (I do not know which) into | 
the extruder and out of the extruder in the © 
shortest possible time, otherwise the tools and 
dies will become so hot that they will deform. — 
This minimum of time is largely a question of 
mechanical development. 

A considerable amount of time, effort and 
thought has been put on the speed with which — 
to operate extruders working upon nickel — 
alloys. The process, however, is essentially the _ 4 
same as the extruding of light alloys and © 
brasses. It seems likely that the nickel alloy __ 
extrusions will find their way into commerce on _ 
a broad scale, and presumably stainless steels 
will also. The process in Europe, asI say, has 
been commercialized for a number of years and — . 
so far as I know, the difficulties have been 4 
removed. a 

Are there any other questions on extrusion? — 
We would be glad to have one or two more — 


questions. — 
Le 


MemsBer.—During the war we used large. 7 
quantities of rectangular tubing, which was — 
drawn from extruded round tubing. That 
tubing gave trouble with a belly action at the — 
ends. Is it possible to extrude directly such — 
rectangular tubing, so that a drawing operation 
would not be necessary—in copper and alu-— 
minum alloys? The long dimension is about 3 
double the short dimension. 


R. W. ANpDREws, Jr.—Over-all, dimension, — 
wall thickness? 


MemBER.— Well, say at a range of By, by. an 
with a 50-mil wall on down in the smaller size. 


R. W. ANDREWS, Jr.—It can be cxtdeta ; 
but not easily. Obviously, that is an internal — 
strain problem, and, as has been indicated in 
the answers to some of the other questions, the _ * 
problems of internal strain have to be attacked 


only internal strain problems but stress r 
problems, and they are not problems that le 
themselves to an answer from a platform 
afraid they have to be. taken one at 
their own-merits. I am af: 


tubing would ae dat your pruble: 
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Seminar on the Theory of Sintering 
By F. N. Ratnes,* Memper A.I.M.E. 


(Chicago Meeting, February 1946) 


I. An Outline of the Theory of the Sinter- 
ing of Pure Metal Powders 


SINTERING may be defined as the process 
by which powders bond themselves into 
coherent bodies, usually, although not 
necessarily, under the influence of preity 
and elevated temperature. 

For the sake of clarity and seciiGan 
the present survey will exclude from con- 
sideration the sintering of mixed or alloyed 
powders, with attendant complications, 
but at the risk of overlooking information 
of general applicability. Sintering in the 


presence of a liquid phase is thus auto- 


matically eliminated. The sintering of 
alloys involves much additional subject 
matter and deserves separate consideration. 

Since the literature of the subject is 
extensive and widely scattered, it will 
not be feasible to consider the contributions 
individually. Instead, the subject matter 


will be classified according to experimental 


observations and theory, and will be 
presented in summary form. It should be 
noted that the appended list of references 
does not constitute a complete bibliography; 
it includes only those works quoted below. 
More extensive bibliographies * are in- 
cluded in several of the references; see 
particularly references 7, 9, 28, 34, 38, 
50, 52, 54, a “Bibliography on Powder 
Metallurgy” published. by the Library 
of Congress and a pamphlet published 


Manuscript received at the office of the 
Institute April 15,"1946. Issued as T.P. 2043 in 
MetALs TECHNOLOGY, August 1946. 

* Assistant Professor of Metallurgy, Car- 
negie Institute of Technology, Pittsburgh, 
Pennsylvania, 
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by the Metals Disintegrating ee en-. i 
titled “The Field of Powder Metallurgy — 
and Bibliography.” 


II. Summary of Experimental Observa- __ 
tions | 


The following classified list is composed » . 
of general statements of established fact 
derived from the experimental results 
reported in the published literature. A — 
few contested observations are included, © 
because of their potential importance; 
these are labeled as such. Any satisfactory — 
and complete theory must be capable of 
explaining all of the uncontested facts. 
Obviously, some important facts may be 
missing from this list and these may hold _ 
the key to the correct explanation of the — 
sintering process, but the possible lack of 
such material should not deter attempts 
to understand the subject on the basis | 
of what is available here. : 


A. The Initial Bond at Room Tempera- _ 

ture eS | 

a. To a limited extent uncompressed ~ 
powders and massive metals ad- 

here at room temperature.*® Clean 

tin powder forms a weak ‘‘cake” on 

~ standing at room temperature, the 

strength increasing with time. Clean 

gold surfaces adhere on light con- 

tact, as do those of many other 
substances, including nickel.27 

b. Upon compression the strength of 

the bond is increased progres- — 

sively.?* There is a limit of pressure _ 


—-. 


*8 References are at the end of the paper. 
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above which no substantial increase 
is observed; indeed, at very high 
pressures there are complications 
which appear to be associated with 
entrapped gases. 

. Surfaces of powder particles are 
uneven on a microscale as well as 
on a coarse scale®™ and, therefore, 
are presumed to touch opposing 
surfaces only at points even after 
considerable compression. This state- 
ment is based upon electron micro- 
scope studies. 

. Low temperature during com- 
pressing lowers the strength of the 
compact; it is equivalent to lower 
pressure at room temperature.*! 
Lower density results unless in- 
creased pressures are used. Con- 
versely raising the pressing 
temperature decreases the pressure 
required to achieve a_ given 
density.*6.17.8 

. Surfaces of powder particles may 
be covered with oxide films, which 
interfere with bonding, the more 
so the thicker and stronger the 
film.?.?8.5° Oxides can themselves 
be bonded by compression, but the 
resultant briquette is weaker than 
that of a clean metal, although 
more nearly similar in strength 
_ to a compact made from oxidized 
powder.*4?5 Gold, which forms no 
oxide, bonds most easily, while 
lead is difficult.? ; 

. Adsorbed gases on the surface of 
the powder interfere with bond- 
ing.2® Hydrogen may adsorb on 
copper to a calculated depth of as 
much as 100A. Large volumes of 
gas can usually be removed from 
powders by evacuating.*® The ten- 
dency of clean nickel surfaces to 
adhere in vacuum is greatly dimin- 
ished by the admission of hydrogen.?? 
Gold, which ordinarily carries no 
oxide, bonds more readily in vacuum 
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and the same is true of other metal 
powders. The increase in the ease 
of pressing in vacuum is particularly 
noticeable with fine particles that 
present a maximum of surface. 
In vacuum pressing laminations 
diminish.*4 


. Water mixed with the powder may 


increase the density reached with 
a given compacting pressure.* After 
drying, the compact has higher 
strength than when pressed dry 
at the same pressure (first used by 
Wollaston). Some so-called ‘‘bond- 
ing agents,” such as paraffin, pro- 
duce a similar effect.64 Powder 
“lubricants,”’ such as stearic acid, 
behave similarly.28 (These are all 
presumed to be lubricating effects.) 


. Powers of hard metals produce a 


weaker and less dense compact at 
a given pressure than do powders 
of softer metals.% Cold-worked 
powders require higher compacting 
pressure for an equivalent strength 
and density than do annealed 
powders.”® 


i. Fine powder requires a higher com- 


pacting pressure to produce a given 
strength and density™® (a contested 
observation). Fundamentally, fine 
particles of uniform size should be 
expected to pack to the same density 
as uniformly coarse powder; the 
effect therefore is to be associated 
with other than purely geometrical 
factors—perhaps to adsorbed gases 
and oxide films.22 Mixed powder 
sizes give higher density than any 
uniform particle size. The size 
of the voids remaining after press- 
ing, of course, decreases with the 
particle size.”* 


;, Particle shape influences the 


strength and density of the com- 
pact; irregular shapes yield the 
highest density, flakes the lowest 
(contested observation).* This con- 
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cept is difficult to evaluate because 
of the complications arising out 
of the range of shapes used, varia- 
tions in shape within a given 
powder, changes in shape during 
pressing, and the simultaneous oc- 
currence of other variables, such as 
differing degrees of cold-work as 
between irregular and flake powder. 


. Strength and hardness of the com- 


pact increase with the density, 
but the hardness increases more 
rapidly.2°5® Hardness may exceed 
that in cold-worked metal (Cu), 
while strength rarely approaches 
that of massive metal;?® electrical 
conductivity also increases with 
rising density.?8 


. Localized melting is not involved 


in the bonding of powders at room 
temperature.*> Early investigators 
were inclined to ascribe the cold- 
welding of powders to the heat 
of friction at points during press- 
ing.'3.23 This has been shown to 
be unnecessary.”8 


B. Sintering—Effects of Temperature 


a. In general, the density increases 


with an increase in the sintering 
temperature, but this statement is 
subject to reservations as shown in 
succeeding paragraphs.**2! The 
refractory metals tungsten and 
molybdenum exhibit the most reg- 
ular behavior. Unpressed or lightly 
pressed powders tend to behave 
most regularly. Vacuum pressing 
and vacuum sintering also tend to 
make behavior regular. In general, 
also subject to reservations, the 
strength of the compact increases 
with pressure. Anisotropic property 
effects and differences in density 
from point to point in the compact 
tend to diminish with rising sintering 
temperature.**8 


. There is a temperature, usually 


associated with the “recrystalliza- 
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tion temperature,” at which sinter- . : 


ing first becomes very rapid and at 
which the ‘major structural and 


property changes are observed, 


when a compact is gradually heated 


through the range from room tem- 
perature to just below the melting 
point.*428 Some have said that sin- 
tering does not occur below the “re- 
crystallization temperature,” but — 
this is clearly a case of an insuffi- 
ciently sensitive test for sinter- 
ing.62 Oxides behave in the same 
manner, but their temperature of 


rapid sintering (and “recrystalliza- 
tion temperature’’) is significantly 
above that for the corresponding 


metals.?*.44 Oxidized metal powders 
require a higher sintering tem-— 
perature than clean powders. The 
“recrystallization temperature” re-_ 
ferred to here is really that of 
observable grain growth in the — 
powder compact and is consider- 
ably above the recrystallization 


temperature found in cold-worked © 


massive metals. 


. First indications of an increase in — 


the adhesion between loose powder 


particles, and in the strength of 


compacts, are felt below 200°C. for 
all metals except those of ex- 
tremely refractory nature (W, Mo, 
Ta); 5.21.14 and at the same time 
there is a decrease in density (in- 
crease in porosity) of compacts in 
heating to 200°C.‘?2 It is indeed 
noteworthy that Tammann®* found — 


that loose powders of Ag, Cu, Fe, 


Al and Zn all begin to adhere (in 
a stirring test) within the same 


narrow temperature range 140° to 


148°C. This is a strong indication 
that something not closely asso- ‘ 
ciated with the properties of the 


individual metal is causing the 
effect (the removal of adsorbed 


gases is suggested).°* Other proper- 
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ties, such as hardness and electrical 
conductivity have also been found 
to exhibit a substantial increase 
up to 200°C.*9.21 Cold-working (mill- 
ing) the powder does not alter 
these effects. Some instances of a 
rise in density to 200°C. have been 
reported, but these are to be asso- 
ciated with pressing at temperature.”! 
. A second, very marked, decrease 
in density frequently occurs at or 
above the “recrystallization tem- 
perature,” particularly in com- 
pacts made under very high 
pressure.®°*.°8 This may be accom- 
panied by a drop in the strength 
of the compact. Where powders 
of the same screen analysis are 
compared the expansion is the 
greater the higher the compression 
ratio of the powder.!! Where various 
size ranges are compared the effect 
is the more pronounced the coarser 
the powder. Extreme cases in 
which expansion occurred through- 
out the temperature range of sinter- 
ing have been reported.*® (With 
one notable exception,® all writers 
on the subject agree that high- 
temperature expansion is to be 
associated with the evolution of 
dissolved or combined gases either 
with or without the cooperation of 
reducing furnace gases). 

. Normal volume changes associated 
with thermal expansion and crystal- 
lographic transformations occur in 
loose powder masses and com- 
pacts, somewhat modified by the 
density changes associated with 
sintering in the course of tempera- 
ture change.®”:*° Only the volume 
changes associated with crystallo- 
graphic transformations are known 
to alter the density permanently— 
iron, at goo°C., exhibits a large 
decrease in density, which remains 
after cooling.*%”* 
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f. Individual angular powder particles 
tend to spheroidize at temperatures 


often several hundred degrees be- 
low their melting points. °° Even 
large pieces of metal have been 
observed to lose sharpness at 
corners when held at high tem- 
peratures below the melting point. 


C. Sintering—Effects of Pressure 


a, Pressure beyond that exerted by 


gravity is not essential to sinter- 
ing ;°°.49,19,51 see above, section Aa. 
The finer the powder, the more 
rapidly does sintering (shrinkage) 
take place.’ In general, the sintering 
of loose powders is slower than 
that of compacts. 


. Under constant sintering condi- 


tions density increases with rising 
compacting pressure*.?1 up to a 
certain limit, above which density 
and associated physical properties 
may decrease.®76,47,33,49,28,20 When 
different types of powder of the 
same metal are compared, com- 
pacts of equal density suffer equal 
shrinkage during sintering regard- 
less of the pressure used;° (this 
points to density rather than pres- 
sure as being the critical factor). 
When compacted at equal pressure, 
the lower the density of the com- 
pact, the greater the shrinkage ;° 
this effect is observed in all of the 
softer metals, including Cu, Fe, 
Au.28-49.33 The decrease in density 
with high compacting pressures 
is associated by most investigators 
with the trapping of gases (see 
section Bd). 


. Hot-pressing produces a compact 


of higher density than is obtained 
when like pressure and tempera- 
ture are applied separately.*.617.* 
Densities approaching the theoreti- 
cal limit are obtained only by the 
use of relatively high pressures at 
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temperatures well within the normal 
hot-working range.!®!” Hot-pressing 


‘followed by sintering is not ob- 


served to result in growth of the 
compact at temperatures where 
growth would otherwise be ex- 
pected.!7. Below the normal re- 
crystallization temperature the ef- 
fects of hot-pressing may be very 
slight.”® 


. Repressing after sintering increases 


the density of the compact and a 
subsequent resintering operation 
may cause the density to approach 
the theoretical maximum.'? Copper 
so treated attains the physical 
properties of normal hot-worked 
copper. !66 


. Work-hardened powder sinters at 


a slightly accelerated rate and the 
effect of pressing in work-harden- 
ing the powder can sometimes be 
detected by this criterion,'°.> In gen- 
eral, the work-hardening of powder 
by milling is more effective than 
work-hardening by pressing.’ Be- 
cause of the smallness of the effect 
its existence is doubted by some.* 
Perhaps the most noticeable effects 
are found in the sintering of loose 
powders” and in the lowering of the 
temperature of recrystallization.®.*® 


D. Sintering—Effects of Time 


a, The rate of sintering is most rapid 


at the beginning and proceeds at 
a decreasing rate (constant tem- 
perature.!!:55,256 Jn general, the 
experimental data show density 
still increasing at the end of the 
test. The importance of time is 
most evident at low temperatures 
of sintering. The progress of sinter- 


ing with time is not always regular— ~ . 


an initial period of expansion fol- 
lowed by shrinkage, and _ then 
expansion again, can sometimes be 
observed.!! 


. Sintering atmospheres capable of 


. Adsorbed and absorbed gases inter- 
fere with sintering by causing — 


b. Long sintering times may result in 
more lowering of strength associ- 


ated with grain growth than in- 
crease of strength associated with 
shrinkage‘*(see Section Ga). 


E, Sintering—Effects of Gases and Other — 


Foreign Substances 


reducing the surface oxide films on 
the powder and of preventing fur- 
ther oxidation generally assist 
sintering; i.e. increase the strength 


and density of the compact.*.? On — 
the whole the interference of oxide — 


films with sintering is not as serious 
as might be supposed. While the 
maximum effects of sintering are 
not attained in the presence of 
oxide films, considerable density 
increase may occur in air sintering, 


particularly in hot-pressing.?® Some — 


noble metals give better results in 
air sintering.2° Oxides contained 
within the powder particles are 
not easily reduced during sintering 
and are thought to contribute to 
growth during the late stages of 
sintering.® 


growth of the compact when they 


are evolved.?8.59,62,3,26,22,38 When — 
powders are heated in vacuum | 


substantial quantities of gases are 
always released,*®*7.?8 running as 
high as 1000 times the volume of 


the metal (at standard pressure).> _ 
The rate of gas evolution tends to 
increase with temperature and be- | 


comes very high at the recrystalliza- 


tion temperature.*” The gases found — 


are of all kinds found in the at- 


mosphere,”*:*® but it is believed that a 


oxygen, in combined form, con-— 
stitutes the largest single source of — 
gas.°® Vacuum sintering sometimes 
yields higher density with copper 


than is obtained by the use of 
hydrogen;*91%15 in other words, 
hydrogen may tend to delay sinter- 
ing. Vacuum-sintered copper some- 
times develops some large pores 
presumably as a result of the release 
of trapped gas late in the sintering 
process.!® Virtually all growth phe- 
nomena observed during sintering 
have been attributed by some to 
the release of gases. ®,3.2622,59 

. Gases may affect powder metal 
compacts in other ways, as by 
changing the rate of grain growth 
in tungsten.*° 

. Solid foreign matter (in addition to 
oxides) may impede sintering.” 
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pacting pressure used.‘%.38.49,9,55 
Annealed powders, loose or pressed, 
generally exhibit a higher recrys- 
tallization temperature, as detected 
by X-ray diffraction, than do milled 
powders. Since recrystallization is 
usually seen first at the interparticle 
boundary, it is supposed that this 
is proof of localized cold-work in 
this region®? and is responsible for 
the usual moving of the recrystal- 
lized grain boundary away from the 
interparticle boundary. These ef- 
fects are observed in all classes of 
metals. 


. The coarser the powder the finer 


the ultimate grain size.36,55,56 49,5 
This behavior has been reported 


go uiering upon Ouyctire in both tungsten and iron. It is 


attributed to the lower temperature 
at which recrystallization occurs 


a. Grain growth across the original 
interparticle boundary is usually 


observed after sintering at a high 
temperature.*®, 5° This occurs even 
with uncompacted powders and 
even in the absence of cold-work, 
and, thus, is not necessarily the 
result of recrystallization.*® 

b. The temperature of rapid grain 
growth is apparently independent 
_ of the pressing conditions, or of the 
preliminary cold-working of the 
powder; it lies at approximately 
two thirds of the melting tem- 
perature of the metal (three 
fourths of the absolute melting 
_ point.) 49,42,28,38.49 Much confusion 
has arisen through the misunder- 
standing of the difference in the 
temperature at which normal re- 
crystallization can be detected and 
that at which substantial grain 
growth is observed. Grain growth 
may be impeded by many factors 
including impurities and porosity.1° 
. The temperature of normal re- 
crystallization is the lower the more 
the powder is cold-worked prior to 
pressing, or the higher the com- 


with fine powders,*® which pre- 
sumably suffer more severe dis- 
tortion in pressing. It is thought © 
by some that grain growth is also 
faster in fine powders.*® 


. Pores tend to change from an 


angular to a spherical form with 
long sintering or high tempera- 
ture.28.° This change is apparent in 
micrographs scattered through the 
literature, and is also shown by 
experiments that measured the time 
decrease in the continuity of po- 
rosity.22 Powders, such as tantalum, 
that tend to continue to release 
gas after long sintering may pro- 
duce ‘‘puffed bars,’’ showing that 
the continuity of porosity has 
disappeared.? 


f. Pores tend to diminish in size and 
- disappear with long sintering times 


at high temperature; small pores 
seem to shrink faster than large 
pores. This effect can be seen 
by scanning micrographs scattered 
throughout the literature, but has 
not been specifically commented 
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upon, probably because the very 
long sintering times required are 
unusual, 


. Oxides trapped in compacts, if not 


reduced, tend to become spheroid- 
ized during sintering.®? 


. Effects of Sintering upon Physical 


Properties 


. Strength as measured in a tensile, 


compressive or bend test tends to 
increase as the density increases up 
to the temperature at which rapid 
grain growth sets in; thereafter, it 
may decrease or increase, de- 
pending upon the relative extent 
and influence of the opposing 
factors of shrinkage and grain 
growth.*®,49,12,38,12,43 In iron the 
first drop in strength is observed 
below the alpha-gamma transforma- 
tion and is attributed to grain 
growth. All of the lower melting 
metals exhibit this effect. 


. Hardness tends to reach its maxi- 


mum value very early in the sinter- 
ing process and to fall rapidly with 
the onset of recrystallization.* 
Hardness is tne only mechanical 
property that appears to reach 
values exceeding those in other 
common forms of the same metal,?® 
although the special case of tungsten 
in which the wrought compact is 
stronger than the cast metal has 
been cited as an exception.* Hard- 
ness and tensile strength do not 
regularly follow a parallel course, 
as in most other forms of metals.8 


. Elongation tends to increase more 


slowly with sintering than other 


mechanical properties and con-— 


tinues to show increase with time 
at the sintering temperature after 
the perceptible changes in other 
properties have almost ceased.*® 
This effect. has been attributed to 
the greater sensitivity of elongation 


in the relatively small area of the inter- 


bond must be small because powder st 


to the share and size of the porosity ej 
(notch effects). 1 
d. Electrical conductivity change ap- 
pears to parallel the ero 
change.”® 


q 


III. A Composite Theory of Sintering 


Since a number of theories of sintering 
have been offered, but no single theory P| 
accounts for the entire range of observa- 
tions listed in the foregoing pages, it seems — 
best to construct a composite theory ] 
including the factors with which sub- 
stantially all agree, and choosing rather © 
arbitrarily among the connecting links 
that are in dispute. In this way a complete. 
chain of reasoning will be provided at the © 
start and the conflicting ideas may be dis- 
cussed with respect to this synthetic — 
theory. : 

In the following section the principal. 
statements of the composite theory are in — 
bold face type. After each statement of — 
the theory the substantiating evidence — 
from the experimental observations tabu- q : 
lated in the foregoing section are cited. _ 
Finally, supporting and conflicting state- j 
ments of theory, as they appear in then q 
literature, are quoted. ¥ 

A. The initial bond that appears spon- z 
taneously at points of metal-to-metal con- _ 
tact at room temperature is identical in ; 
kind with the forces that hold the atoms — 
of a metal crystal in place and give solid. 
metals their strength. This bond differs — 
from that in the sintered material only - 


particle surface so joined, and possibly — 
also in distortion of the crystal lattice in 
its vicinity (a condition that is eliminated _ ’ 
by recrystallization and grain gregh du r- 
ing sintering). de 
Cold-welding occurs with little or no 
pressure when clean surfaces are brought — 
in contact (see II Aa). The domain of the 


faces are rough on a microscale and m 
touch only at: isolated points yee Ir Ad) 


Interfering films of oxides, adsorbed gases 


and other foreign matter prevent metal- 
to-metal contact and reduce the occurrence 
of bonds (see II Ae and II Af). It is not 
necessary that melting occur to effect 
bonding (II Al). 

Virtually all modern thought on the 
subject is in agreement ‘with this view. 
Detailed discussions of the mechanism 
are presented by: Sauerwald,*® Jones,*° 
and Wulff.® Early investigators proposed 
melting at the points of bonding, caused by 
localized high pressure, or by friction when 
powders are disturbed or pressed: Endell"® 
and Hardy.?? Smith*® proposed that bond- 
ing occurs only coincident with a phase 
change or recrystallization. All of the 
latter ideas have been discredited by the 
experimental observations cited above 
(see Jones?® and Sauerwald.**) 

B. Pressure serves to redistribute and 
deform the powder particles in such man- 
ner as to increase the conformity of 


opposing surfaces and, thus, both to in- 


crease the number of points of metal-to- 
metal contact and to enlarge slightly the 
individual domains of contact bonding. 
Pressure, and the interparticle move- 


ments resulting therefrom, may also serve 


to dislodge or rupture interfering films of 
oxides, adsorbed gases and other foreign 


é matter and, in this way also, to increase 
the number of points of metal-to-metal 


contact. ; 
The strength of the compact increases 


~ with pressure, as might be expected if the 


number and size of the sites of cold-welding 


were increased (see II Ab). Low tempera- 
tures diminish the effects of pressure, high 
__ temperatures increase them, corresponding 
to the expected plastic response of metals 
at low and high temperatures, with re- 
‘sultant decrease or increase in the number 


and area of points of contact produced 


‘(II Ad). Water and other lubricants assist 


ie jin the production of denser compacts, 
which: are more or less proportionally 


stronger, as would be expected if by re- 
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arrangement the powder particles were to 
develop greater intersurface conformity 
(II Ag). Hard particles produce weaker 
compacts because of the smaller degree of 
plastic deformation produced in pressing 
(II Ah). Particle size and shape influence 
the degree of bonding attained though their 
effects on total surface area (fine powders 
with large surface carry more gas and 
oxide), the relative ease of particle de- 
formation and the ease with which op- 
posing surfaces conform (ref. II Az and 
II Aj). 

Again, modern investigators are in 
general agreement with this view. These 
matters are discussed by Sauerwald,**.”° 
Jones,?8 and Comstock.* There is agree- 
ment also that the geometrical interlocking 
of particles of complicated shape may 
add somewhat to the strength of the 
Balshin® says that fine 
particles do not compact as well as coarse 
particles because initial welds must be 
broken to move particles to closer packed 
positions, but it is difficult to understand 
how such an effect could differ with size. 
The concept of welding being facilitated 
by melting at points of high pressure or 
where friction occurs!* is disproved by 
the slight increase in bonding obtained 
as the speed of pressing is reduced. 

C. At elevated temperatures the initial 
“‘point-bonds” grow laterally and the total 
of void space is decreased by the move- 
ment of metal most rapidly into the nar- 
row spaces adjacent to bonds and more 
gradually into larger voids. The move- 
ment of metal is presumed to be accom- 
plished through the action of plastic flow, 
or of surface diffusion, or of both acting 
cooperatively under the influence of the 
energy of surface tension as the major 
driving force. Where the curvature of 
surface is greatest, surface tension reaches 
its highest value and the reduction of the 
curvature, by filling in sharp angles in the 
surface, will effect a significant reduction 
in the energy of the body. Thus, surface 
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diffusion should be expected to result in . 


a net transfer of metal into the sharp 
angles adjacent to bonds and the tend- 
ency for plastic motion to bring opposing 
surfaces together should likewise be 
greatest in these regions. Either of these 
actions should increase at an accelerating 
pace with rising temperature, with the 
result that there will be a relatively nar- 
row temperature range within which 
sintering will first become obvious to the 
casual observer. Either action should 
proceed at a rate diminishing with time. 
Either action will also be the more rapid 
the smaller the void spaces and will be 
impeded by the interference of foreign 
matter or high gas pressure in the pores. 

The common observation of the decrease 
of density with rising sintering temperature 
(II Ba) is consistent with the increased 
rate of shrinkage and growth of the bond 
predicted by the theory. A rapid rate of 
sintering coincident with observable grain 
growth and other signs of atomic mobility 
(II Bb) is consistent with the view that 
sintering proceeds through the action of 
plastic flow and diffusion. Observations 
of the spheroidization of individual powder 
particles at high temperatures (II Bf) 
supports the view that the mechanisms 
energized by surface tension are capable 
of producing observable effects. No pres- 
sure beyond that required to produce 
initial metal-to-metal contacts is required 
by the theory and experiment shows that 
loose powders will sinter (II Ca). The 
accelerating effect of pressure upon the 


sintering process (II Cb) is predicted by | 


the statement that a reduced pore size 
should facilitate the movement of metal. 
Similarly, the accelerating effects of hot- 


pressing (II Cc) and repressing and te- . 


sintering (II Cd) are consistent with the 
present proposal. Although somewhat 
surprising, the statement that cold-work, 
as such, accelerates sintering (II Ce) is 
in accord with the theory, for diffusion 
rates are increased by cold-work. The rate 
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of sintering should be expected to decrease 
with time, as observed (II Da) because of — 
the decrease of surface-tension forces as 
angles in pores are reduced. Any foreign ~ 
substance should, of course, impede plastic __ 
flow or diffusion (II Ea) and II Ed), solids 
or films by mechanical obstruction and | 
gases under pressure by their opposition 
to the surface tension forces. The spheroid- — 
ization of pores (II Fe) is a necessary 
outcome of the proposed mechanism. 

While the observations cited above are _ 
in conformity with the theory, none serves 
to prove the action of either plastic flow 
or surface diffusion or to indicate which — 
process, if either, is dominant. Recent — 
thought, however, is predominantly along — 
the lines described above; see Balke,? — 
Wulff,*? Comstock,® Garre,!4 Ritzau,?7 and 
Schumacher and Souden.*? 

More than 20 years ago, the formulation 
of the theory was begun by Sauerwald,#°~-* _ 
who held the view that the major driving — 
force of sintering resided in the potential — 
bonding forces. As the temperature is 
increased, he said, the atomic orbits are 
enlarged and some points not initially 
bonded are bridged by the greater reach © 
of the atomic forces; once formed, these 
high-temperature bonds persist, and upon 
cooling produce plastic defermation as the _ 
metal contracts. This picture contains 
the concept of plastic deformation and also 
an idea not far removed from that of sur- — 
face-tension forces. He also points out — 
that corrugated surfaces tend to become 
smooth at high temperature and this — 
action should tend to increase the area — 
and number of contact bonds. 

Jones’*® view of sintering differs from — 
that of Sauerwald in his contention that — 
the atomic bonding forces become weaker | 
at high temperature, as shown by the | 
lower strength of metals at high tempera- _ 
ture, and, therefore, increased atomic 
mobility alone cannot increase the bonding 
of powder particles. He sees the forces — 
favoring bonding diminishing with tem- 


perature, but the forces opposing bonding 
_ (adsorbed gases, resistance to plastic flow 
as energized by surface tension and per- 
_ haps stresses between bonds) diminishing 
oe more rapidly, resulting in a net increase 
- in sintering. Again there can be no quarrel 
-- with these views except that they are 
_ incomplete. 
-__ Balshin® alone, among current investiga- 
tors, holds views in marked conflict with 
_ the proposed theory. He views the sintering 
_ process as one of balance between forces 
tending to bring the particles together and 
‘those tending to thrust them apart. Only 
the interatomic attractive forces are 
_ thought to act to-produce shrinkage (he 
_ accepts Sauerwald’s mechanism in this 
respect), while forces tending toward 
expansion are: the changes in particle 
shape accompanying recovery, recrystalli- 
zation, and grain growth, elastic recovery 
and the evolution of gases (which he 
- relegates to a minor role). No experimental 
~ evidence is offered that can be accepted as 
proof of this theory and it should be 
noticed that it in no way predicts a 
spheroidization of porosity. 
Dz. Since the proposed mechanism of 
sintering is, by itself, capable of predicting 
no volume changes except shrinkage, 
_ growth must be explained by some other 
- process. The major cause of growth lies 
e. in the expansion of the void spaces in the 
- compact through the action of gas pres- 
sure. At relatively low sintering tempera- 
ture, gases initially adsorbed on the 
surfaces of powder particles are partially 
evolved and the pressure of gases trapped 
in the compact during pressing is in- 
creased through temperature rise until 
the interparticle openings are expanded 
‘sufficiently to permit the escape of the 
pe oases. At higher temperatures, remaining 
- adsorbed gases, gaseous products of the 
reaction of reducing agents with oxides, 
‘and dissolved gases, rejected by reason 
‘of reduced solubility, p roduce a similar 
ffect. When the internal gas evolution 
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occurs so late in the sintering process that 
interpore channels have been sealed, 
growth is exaggerated, particularly when 
the temperature is sufficiently high to 
permit extensive plastic flow. This effect 
probably is produced chiefly by gases 
that do not diffuse rapidly through the 
metal. Occasional or lesser causes of 
growth may reside in stresses established 
by the irregular occurrence of crystallo- 
graphic transformations, stresses estab- 
lished by irregular temperature change 
or the irregular relief of internal stresses. 

It is well established that powders 
exposed to the atmosphere always carry 
on their surfaces very considerable quanti- 
ties of adsorbed gases (II Af) and usually 
combined gas, as well, in the form of oxide 
films (II Ae). It is recognized, too, that 
adsorbed gases are released as the tem- 
perature is increased (II Bc) and that 
adsorbed gases interfere with sintering 
(II Eb). Combined gases may be released 
by reaction with reducing agents at 
elevated temperatures (II Ea). Growth 
is most pronounced under circumstances 
that, in the absence of gases, should be 
expected to favor the most rapid sintering 
(sealing of interpore channels), such as: 
with the use of very high compacting 
pressures (II Cb), with sintering at the 
highest temperatures (II Bd) and occa- 
sionally after very long sintering times. 
It is known that the voids in the compact 
tend to become spheroidized with sintering 
with an accompanying disappearance of 
connecting channels (II Fe). Oxides con- 
tained within the powder may remain 
partially unreduced through the sintering 


process, providing a potential source of 


~ reaction gases until late in the process. 


With the exception of Balshin® all of the 
writers whose works were consulted affirm 
this view of the growth process. The 
dominant role of gases may be regarded 


as well established. Balshin does not deny . 


the effect of gases, but relegates it to a 


minor place, attaching greater importance — 
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to the presumed effects of crystal growth to spheroidize during sintering in the : | 
and allied mechanisms. normal manner. a 

E. Recovery, recrystallization and grain In fully sintered compacts, or loose — 
growth may be regarded as proceeding in powder masses, the grains grow across 
a normal manner if due allowance is made ~-the original particle boundaries and are 
for the influence of special geometrical often much larger than the original particle 
factors peculiar to powders and powder- oe: (I Fa). i bagi tie gp of rapidg 
metal compacts. In the pressed form the ses opie 18 CRS 0 
powder particles will be more. severely conditions and usually coincides with that — 


erty Id k Peer ones ; f of rapid sintering (II Fb), which generally 
= Be wou ed on their su aces at points o wis above: the temperature Lob tepid erat 
interparticle contact than they are on 


ee i, ; growth in massive metals. The temperature 
their inside, because of the flattening of of normal recrystallization is sensitive to 


%, surface corrugations. Asa result, recovery pressing conditions (II Fc). Particle size — 
and recrystallization may be expected to influences the ultimate grain size (II Fd). 
begin chiefly at the points of particle (Smithells*! attributes the growth of _ 
contact, resulting in the common forma- large grains in tungsten made from fine — 
; tion of recrystallized grains growing across. powder and of small grains in tungsten © 
sea the original particle interfaces, and re- made from coarse powder to the rate of — 
33 sulting also in a somewhat uneven relief grain growth rather than to the rate of — 
of internal stresses. It follows, also, that nucleation; ie., interfering voids are — 
these processes should be sensitive to the » removed earlier where the particle size ‘is 


Fs . $ : 3 
M powder particle size, which affects both fine.) Oxides spheroidize, if not reduced, 
oa ‘ the amount of interparticle surface and during sintering (II Fg). A See 
- x the breadth of the range of cold-working The theory of grain growth during sinter- 3 
Bs from surface to interior of the particle. ing has been discussed extensively only by _ 
ace Somewhat related effects should be asso- Sauerwald,*! whose views are incorporated — 
a _ Giated with the particle shape and the in the statements above. The effects of 
a _ mechanical properties of the metal of impurities on grain growth (II Ee and 


which the powder is composed. Grain others not quoted) appear very complex; : 
growth will be limited essentially to the they have been discussed toa limited deg 
powder particle size until sintering has by Smithells.*4 
progressed so far as to provide sub- F, Late in the sintering process the © 
stantial bridging between particles, where- major structural changes are caused by , 
- upon larger grains may grow. As a result body diffusion of metal from the exterior _ 
ns of this condition, the temperature of rapid surface of the compact, or powder mass 
grain growth will appear to be coincident into the spheroidized pores, thus reduc 
ahd with. the.temperature of rapid sintering. their diameters. The driving force is again 
Since rapid grain growth is thus impeded derived from the difference between th 
_ by a network of voids, it follows that it low surface energy (surface tension) 
_ should not be responsive to the effects the exterior surface (small. curvature) an 
of cold-work that are destroyed at tem- the high surface energy of the po 

_ peratures well below that of rapid sinter- (sharper curvature)causing anet diffus 
_ ing and, therefore, should be sensitive to toward the pore. Small pores, hav 
the pressure of compacting only to the highest surface energy will be fillec 
_ extent that sintering is accelerated by rapidly than larger pores. Those 
_ denser compacting. Unreduced oxides near the surface of the piece shoul »b 
_ and other foreign bodies may be expected filled before those x near oy centctin 


ee Porosity diminishes with time at the 
intering temperature and the small 


close more rapidly near the surface. After 
ie epressing when the pores have been 
flattened, they disappear almost quanti- 
tatively in short time (II Cc and Cd). 


'. This subject has received little attention 


constitute a part of the theory of sintering. 
The correlations between structure and 
properties have been described in section 


RESEARCH NEEDS 


Although virtually all the experimental 
- observations cited appear to support the 
theory just outlined, a critical examination 
of the logic employed will reveal that 
few of the major tenets of the theory have 
_ the support of direct evidence. 
_ Thus the concept of points of bonding 
_ is arrived at indirectly and the associated 
idea of the multiplication and enlargement 
of the bonds during pressing is supported 
by no direct observation. No one has yet 
examined an individual bond. Similarly, 
there is as yet no real proof of either 
"plastic flow or diffusion during sintering; 
here, again, the evidence is merely sup- 
porting, but not directly so.- Only the 


sintering appears to be on really firm 
round and, even here, many details are 
cking. 
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DISCUSSION 
(Lee S. Busch presiding) 


xz F. N. Ruines.—I want to take just a moment 
_ to get the discussion started by saying a little 

~ bit about what this review seems to me to say 
concerning research needs. Very little in the 
pe neory as set down is really proved by any of 
_ the experimental information upon which it is 
_ based. The proof is chiefly indirect. We do not, 
_ for example, have an absolute proof of the 


- for looking at bonds before we can really feel 
that we know what they are. 
— Also, as I pointed out a little earlier, the 
ideas concerning the possible effects of plastic 
deformation and diffusion in closing the chan- 
nels betweens the pores are really shots in the 
pe aark. They look pretty good and they seem to 
~ fit the evidence that we have, but we do not 
A _ have any clear-cut proof that diffusion is going 
on, and in a way that would account for these 
_ effects; nor do we have any clear-cut proof, as 
yet, that plastic deformation is taking place 
during sintering. Actually, the answer might 
be roo per cent one way or Ioo per cent the 
other way, or a sharing of the two effects, or 
neither. Therefore, we need some critical 
experiments to help us distinguish these 
mechanisms; perhaps first to show whether the 
mechanisms actually operate and, if they do, to 
- tell to what extent each may be involved. 

In order to give you an idea what kind of 
thing I should like to see come/out of our subse- 
quent discussion, I should just like to make 
two or three research suggestions. One is this: 
In order to get anywhere quantitatively with 
_ the proposal with regard to diffusion, we should 
_ know something about the rates of surface 
f - self- -diffusion. These could be measured very 

easily. Today a variety of radioactive isotopes 
= are . available, and I think that it would make a 
very neat research project to measure surface 
self-diffusion rates with these. 

A second thing, which I have been working 
- ona little bit myself, is a metallographic study 
of the rate of shrinkage of pores during long 
f - sintering. What I propose to do is to make a 
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record of the total number of pores as a func- 
tion of sintering time, and of the size distribu- 
tion measured in terms of cross-sectional area 
or perimeter, and in that way get information 
that will help to show what sort of mechanism, 
exactly, we must describe to account for the 
shrinkage of porosity with time. We need to 
know more in detail about just what it is that 
we are describing when we set up a theory of 
sintering and I hope that this project will 
assist in this respect. 

A third suggestion is the metallographic 
study of the influence of the kind of entrapped 
gas upon the rate of pore shrinkage. This may 
be a matter of secondary importance, but it 
would be interesting nevertheless to know 
whether a compact containing entrapped 
hydrogen compared with another compact 
containing nitrogen would exhibit shrinkage at 
different rates. 


J. E. Drapeau, Jr.*—You are to be compli- 
mented, Dr. Rhines, for your splendid review 
of the present status of the theory of sintering 
of metal powders. Let us look at changes 
similar to sintering, such as crystal growth. 

For example, large crystals may be grown 
from a saturated solution of copper sulphate 
containing an excess of small crystals and a 
single large crystal. We have an equilibrium 
condition. It has been explained that the rate 
of solution of the small crystals is greater than 
the large crystal. 

What happens after a few days? The small 
crystals dissolve and the large crystal grows 
larger. The end result is that the small crystals 
have been transferred to the large crystals 
Thermodynamics calls this single-crystal satur- 
ated solution a more stable saturated solution. 
Large crystals, or large grains, may be a more 
stable sintered state than small grains, a 
other things being equal. 

Another example of crystal growth is present 
in electroplating or electrolytic deposition of 
metals. The size of the crystals may be retarded 
through so-called organic addition agents to- 
the electrolyte; for example, glue. 

In electrodeposition good bonding of metal 
crystals is obtained at room temperature with- 
out melting. Is it not similar to sintering of 
metal-powder particles without melting? 


* Metals Refining Co., Division of the 
Glidden Co., Hammond, Indiana. 
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In production of lead storage batteries, addi- 
tion agents, known as expanders, are added to 
the negative plates to improve cold capacity. 
The expanders retard the tendency to develop 
large lead sulphate crystals during discharge 
and small lead particles during charging stage. 
Here again is a phenomenon that in many 
respects has many features like the bonding, 


‘sintering, or recrystallization of metal powders 


below the melting point. 

We are all familiar with crystal growth in 
tungsten-wire filaments and how it was retard- 
ed with thorium oxide. Seriously, thermo- 
dynamics can give quantitative, precise 
information concerning stability of substances, 
reactions, and other subjects. 

Thermodynamics will not tell us the relative 
rate of physical or chemical changes in sub- 
stances. Furthermore, it does not explain the 
stages or detailed nature of the change or 
Thermodynamics gives information 
on the stability (free energy) of a substance 
when data on specific heats, heat formation, 
heats of crystallization, entropy, and other 
essentials are available. 

What I wish to bring up is the use of thermo- 
dynamic reasoning in approaching the theoreti- 
cal aspects of sintering. Thermodynamics in 
powder metallurgy suggests surface free energy 
(stability) of different faces of crystals and 
related phenomena in the study of grain 
growth. Which of the following is the most 
stable system: 

Small particles or large particles? 

Annealed particles or cold-worked powders? 

Irregular surface particles or smooth-surface 
particles? 


‘Soluble impurities in metal particles or pure 


metal particles? 

Foreign film coatings on different crystal faces 
of metal particles or free clean crystal faces 
(surfaces) ? 

Particles of metal? 

Loose compacted particles or densely com- 

pacted particles? 

Thermodynamics tell us that: 

1. Systems at different pressures or densities 
will tend to come to equal pressure or density. 

2. Systems at different temperatures will 
tend to come to equal temperature. 

3. Systems at different concentrations tend to 
dilute themselves to a uniform concentration. 
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4. Systems under different strains (energy 
levels) tend to equalize themselves. : 

Thermodynamics may not tell us the pecan : 
ism of how the (changes) sintering occurs, but — 
it may aid us in predicting what will tend fog t 
occur. 

I should like to ask Mr. Wulff if he has soem 
any effects of the rate of compressing metal 
powders on the density of the green compacts. © 
(Rate of compressing might be considered as — 
rate of cold-working of the powdered- -metal - 
compact prior to sintering.) 


F. V. Lene.*—TI should like to add a few 
remarks to what Mr. Drapeau brought out; 
namely, the determination of forces by thermo- — 
dynamic calculations. I wonder, however, 
whether calculations of the difference in solu- — 
bility between large and small crystals would — 
help us in one component system that is under — 
consideration here. Such calculations play an | . 
important part in Price, Smithells, and ~ 
Williams’ theory of the sintering of the so- 
called ‘‘heavy metal,” a_tungsten- copper- 
nickel alloy,+ but here we have the case of a 
heterogeneous system containing a liquid and 
a solid phase rather than a one-component ~ 
system, | 

On the other hand, are there not quanti- — ' 
tative data available on the forces that seem- — 
ingly are involved in sintering one-com- — 
ponent systems? In other words, do data 
exist on the forces of surface tension on the ~ 
one hand and the forces that resist plastic — 
deformation (yield strength) on the other, — 
over a range of temperatures? Such data should — 
make it possible to substantiate the theory of — 
sintering as given by Dr. Rhines. I do not know | Be 
the literature on these matters well enough, 
and I am, therefore, directing this question to zu 
Dr. Wulff and Dr. Rhines. 


Joun Wvtrr.{—Permit me to congratulate 
Dr. Rhines for his very able presentation Pie q 
the theoretical data on sintering. Of the three 
theories discussed, certainly the one that 


Gataers tier Dayton, Onan 
Ga S$. Price; Ci Je Smithells and S. e 
Williams: Jnl. Inst. Metals (1938) 42, 230 ff 
t Massachusetts Institute of Pectnalbay 
Cambridge, Massachusetts, 


_ diffusion, there should be a net transfer of 
_ material from the outer layers of the compact 
~ to the interior during sintering. In other words, 


_ present, there is no definite experimental 
information that justifies this picture of 
sintering, and Dr. Rhines is certainly right in 
- suggesting that some diffusion experiments 
- are needed to clear up this point. 
Some years ago I felt more strongly for 
diffusion than I do now. If there is a net 
transfer of material from the outside of a 
compact to the inside during sintering, why 
-should a diamond-inscribed mark on the 
~ surface of a compact still exist after excessive 
shrinkage has taken place during sintering? 
Likewise, the observation that shrinkage 
begins at the outside of the compact rather 
_ than the inside is discernible on pressed com- 
~~ pacts rather than in briquettes that have been 
- sintered without prepressing. In this morning’s 
discussion, Dr. Seelig and I suggested* that 
excessive shrinkage of the exterior of a compact 
_ may be due to: (1) the greater densification of 
the surface skin of pressed specimens, and 
(2) the more rapid heating of the outside of 
- the compact during sintering. 


we 


F. N. Rutnes.—I do not care what I see 
_ when I look at the sample after it is sintered 
~ one hour. All I am interested in is the differ- 
- ence between what I see after one hour and 
a after too hours. Maybe this will eliminate 
a those effects. 
2 Joun Wvutrr.—To be sure, observations 
after long sintering times are more important! 
_ For long sintering times at high temperature 
such inhomogeneities due to pressing should be 
eliminated. At the same time such disturbing 
2 variables as adsorption and oxide skins should 
f be eliminated if long-time sintering data only 
‘ are used. 


-_{, S. Buscu. t—Would anyone else like to 
, - discuss this? Certainly someone must want to 
argue with our colleagues. Dr. Wulff has 
published an excellent little book, The Physics 
of Metals, in which he goes into the thermo- 


 * See this volume, p. 402. v2 
al + Senior Research Engineer, Metallurgical 

Research Dept., P. R. Mallory and Co., 
_ Indianapolis, Indiana. i 
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dynamics of the regular metals mostly. I 
consult that little book frequently, and almost 
invariably it helps me, because he treats only 
of fundamentals, and after all, that is what 
we are trying to get at here. We are trying to 
lay the thing wide open and find out why it 
works and what we can do to make it work 
better. 


F. N. Rutnes.—Let’s have some ideas on 
how to prove that plastic deformation takes 
place during sintering, if it does. Is there any 
way we can put a grid in compacts? 


JouHN Woutrr.—We are using grids of lead 
to study plastic deformation during pressing. 
Work has been started in using grids of gold 
and silver wire in studying the shrinkage that 
occurs during the sintering of iron compacts. 
It is hoped that this procedure will shed some 
light on whether the shrinkage occurring during 
sintering is more of the nature of a plastic 
deformation. 

In order to bring others into the discussion, 
permit me to ask Mr. Langhammer whether 
he has any ideas concerning the simultaneous 
longitudinal growth and axial shrinkage during 
sintering of cylindrical specimens. 


A. J. LancHAMMER. *—You have caught me 
rather unprepared, as my technical colleagues 
are not with me. My comment on the subject 
is this: It is implied, if not stated, that powders 
shrink upon sintering. That has not been our 
experience, and that is quite true relatively of 
iron powder also. In general, iron powder com- 
pacts upon sintering and shrinks, but it shrinks 
at different degrees, depending upon a group of 
factors other than sintering, or sintering condi- 
tions. We have experienced wide variations of 
growth or shrinkage, and it is a fallacy to 
conclude that in the sintering of iron there is a 
definite shrinkage—that is, iron powder alone. 
I am not speaking of an iron powder alloy. 


L. S. Buscw.—When intentionally adding 
impurities such as a stearate to copper-alloy 
powders, we found that before the piece 
started to shrink it expanded a very measurable 
amount. If we were careful how fast we heated 
the piece, we could prevent shrinkage and it 
would stay at the expanded height. If we heated 


* Amplex Division, Chrysler Corporation, 
Detroit, Michigan. aS A 


oe a a Th 


ee ee, ae St 5 
; ; Pees *”» ome ete 
, : « : 2 = NL bo = 
490 SEMINAR ON THE THEORY OF SINTERING aml a we ~ 
it slowly enough, it expanded and then shrank. continuously increase with ‘the sintering 


We were using induction heating to do this. 
You could actually see this happen. 


GrorGE STERN.*—Dr. Rhines, it appears 
to me that a metallographic method for 
evaluating shrinkage of pores would involve 
some technical difficulty during the preparation 
of the sample. It is well known, for instance, 
that during polishing the pores can easily 
become enlarged and exaggerated in size and 
shape. I am referring to the homogeneous 
one-metal system specified by you. Could the 
modulus of elasticity be used as a measure 
of the rate of shrinkage of pores in powdered- 
metal compacts? It has been fairly well demon- 
strated that the modulus of elasticity for grey 
cast iron is a function of the size and shape of 
graphite pores. Would it not be possible, 
therefore, to measure the modulus of elasticity 
of powdered-metal compacts and relate the 
values obtained to the size of the pores ap- 
pearing in the powdered-metal sample? In 
other words, might not such a quantitative 
method be used to parallel the study on the 
metallographic size of pores? 


F, N. Rutnes.—That is a nice suggestion. 
It occurs to me that another property that is 
pretty sensitive to porosity is elongation. 


GEORGE STERN.—Yes, and perhaps reduc- 
tion in area could be used as well. - 


C. G. GortzEL.{—Has anyone observed 
any expansion on loosely heaped powder? 
That may throw some light on the question 
whether evolution of air entrapped during 
compaction is mainly responsible for the 


_ expansion, or some dissolved gases or residual 


stresses in the individual particles of the 
powder prior to the pressing operation. 


F. N. Rutnes.—I do not remember who it 
was—it may have been Miss Delisle—but 
someone commented that after long sintering 
of loose powders they sometimes expand again, 
presumably owing to the release of gases inside. 


L. De.istE. {—In heating loose iron powders, 
the density of the cooled samples does not 


Metal 


* American. Electro Corporation, 
Yonkers, N. Y. 
y American Electro 
Yonkers, N. Y. : 
t Research Fellow, Stevens Institute of 


Technology, Hoboken, New Jersey. ; ; 


Metal Corporation, 


- For example, if the times needed at various 


temperature. As we pass the alpha-gamma 
transformation temperature, an expansion 
takes place. This phenomenon, which seems | 
connected with the allotropic change, has been 
observed by many research workers. According j 
to Schlecht, Schubardt and Duftschmid,* 
such an expansion is due to the breaking of the 
weaker bonds in the iron compacts as re- — 
crystallization takes place. The pressure 
exerted by entrapped gases may become more q 
effective as the bonding forces are somewhat 
loosened in the course of the crystalline _ 
rearrangement. : 

Kalischert made a study of dimensional — 
changes of compacts made of different metal © 
powders upon heating, but although he men- 
tions the decomposition of oxides as a factor 
affecting the direction of the dimensional 
changes on the compacts, he does not draw | 
definite conclusions. : 


T. C. Witson.{—I wonder if an investiga- 
tion of the way in which sintering times vary 
with temperature would offer a better under- _ 
standing of the process or mechanism occurring. © 


temperatures to reach equivalent sintered 
products varied in the same way as they do ing 
known diffusion processes, there would be some 7 . 
evidence that diffusion is one of the prin- — 
cipal factors in sintering. _ }) 

I believe Dr. Mehl did some work in an 
analogous fashion in investigating the times ; 
at different temperatures required to produce — 
from cold-worked material equivalent re- — 
crystallized aluminum specimens. He found, 
I believe, the time-temperature relations similar _ 
to those found in diffusion experiments. ; 


F. N. Rutnes.—I agree with you. I intended = 
to say pretty much the same thing. on 


H. W. Hicurirer.§—I would like to add — 
my word of commendation to Dr. Rhines for — 


*L. Schlecht, W. Schubardt and F. Duft- — 
schmid: Conversion of Carbonyl Iron Powder — 
into Compact Pieces by Heat and Pressure. — 
Ztsch. Elektrochemie (1931) 37, 485-491. —s 

_TP. R. Kalischer: The Effect of Particle — 
Size on the Shrinkage of Metal Compacts, 
Symposium on Powder Metallurgy, Amer. Soc. 
Test. Mat. (March 3, 1943). : 

+ Development Engineering Division, New 
Jersey Zinc Co., Palmerton, Pennsylvania. ; 

§ Vascoloy-Ramet Corporation, North Chi- 
cago, Illinois. a: 


: very fine summary, with which I can find 
zument. It seems to me, however, that one 
t worthy of consideration has been over- 
ked. Considering the matter of sintering, 
re concerned with forces and their effects 
he contacts of particles. It seems almost 
itable that in the great majority of cases 
e individual powder particles that are in 
act have different crystal orientations. 

In the manufacture of some types of photo- 
ls, metals are often evaporated onto struc- 
res made of dissimilar metal, and the crystal 
ructure differs from that of the common 
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structure of the evaporated metal. In such 
cases, the deposited film frequently will assume 
the grain structure of the material upon which 
it is deposited for a depth of several lattice 
~parameters, even though in so doing it is 
assuming a grain structure foreign to its 
nature and involving considerable instability. 

I wonder if in the points of contact between 
grains of different orientation that occur during 
sintering there may be a somewhat similar 
phenomenon, and the extreme lattice dis- 
tortion that occurs near the grain boundaries 
may not help to propagate grain growth. 
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The Pressing Operation in the Fabrication of Articles by Powien H 
Metallurgy 


By Ricwarp P. SEELIG* AND JOHN WuLrr,{ MemBers A.I.M.E. 


(Chicago Meeting, February 1946) 


Tur importance of the pressing opera- 
tion in the forming of articles by powder 
metallurgy depends to a great extent on the 
type of product to be made. While in some 
few cases the pressing is merely a means of 

. compacting loose powder particles into a 
Sh solid mass preliminary to a sintering treat- 
ment, in most applications 1 it constitutes a 


- shaping the raw material in powder form 
into a certain predetermined, accurately 
defined part not altered in shape by sub- 
sequent sintering. In still other cases, no 
pressing at all but sintering in molds gives 
useful articles. A limited number of 
products are made by the simultaneous 
application of pressure and heat. 

The factors that control the product of 
the pressing operation are raw material, 
lubricant, type, size and shape of die and 
compact, magnitude and time of applica- 
tion of pressure, as well as temperature of 
pressing. All such factors need to be con- 
trolled; yet, depending on the function of 
the pressing operation, greater emphasis 
may be placed on processing factors other 
than the pressing operation. In any com- 
plete discussion of pressing, subsequent 
sintering cannot be disregarded. For the 
sake of brevity, the present paper has 
‘been limited to the mechanics of pressing 
and only occasionally refers to sintering. 


__ Manuscript received at the office of the 
Institute April 25, 1946. Issued as T.P. 2044 in 

_ MeTALS TECHNOLOGY, August 1946. 

* With Powder Metallurgy Inc. Long 
now with American Electro Metal Corporation, 

; _ Yonkers, NGM: 


Cambridge, Massachusetts, 


-— molding operation with the purpose of 


‘pretation of the possible. techniques, and is 
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For the same reason, hot-pressing has been 
omitted as beyond the scope of this paper. zy 

In any survey of the literature on the 
pressing of metal powders, the 1938 paper 
of Balshin! on the theory of the process o 
pressing deserves mention. vay 4 

The first attempts at an interpretation 
of pressing phenomena were made by 
Balshin! and Rakovski.? The experimen 
results of both are of great interest. Since’ 
the experimental results are not described, — 
the work was repeated, using our own inter- 


reported in the following pages. The basic : 
theory of Balshin,! based on a hydro 
dynamic analogy, however, leads to but : 
another way of plotting density and pres- 
sure against height of a pressed compact. 
Since it does not give any new insight 
into the phenomena, nor account for the 
influence of side-wall friction, a discussion 
of the theory has been omitted from th 
paper. d 


DENSITY GRADIENTS IN COMPACTS 


The process of pressing metal powder 4 
in a die (disregarding for this consideratio 
the powder filling and ejection operat 
may be divided into three phases: (1) pack- 
ing, (2) elastic and plastic deformation, 
G) re Sark with or without fr 


i M Bh thalchins Ces 


promisklennosti (1938) 18 (2), 122 

2V. S. Rakovski: Fundame 
ations in the Production of ae 1 
Moscow (1935). 
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the three phenomena usually overlap 
each other, and at least one of them may be 
absent under many conditions. For in- 
stance, in some cases, the powder nearest 
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were made of glass and the bottom and 
side walls of wood. The top punch, not 
shown in the figure, was also made of wood 
The celluloid disks of three different diam- 


Fic. 1.—STAGES ONE AND TWO IN PRESSING METAL POWDERS IN A DIE. 


the movable plunger may be in the third 
stage when the most distant powder is 
still in the first stage of pressing. With some 
powders, such as lead and tin, stages one 
and three are of little significance, and 
with very hard powders, such as tungsten 


carbide and chromium, plastic deformation 


is practically absent. Thus, the significance 
of any of the three phases depends to a 


" large extent on the plasticity of the powder 
used. 


Fig. 1, obtained by R. W. Vose at the 
Massachusetts Institute of Technology, 


using the technique of photoelasticity, 


illustrates stages one and two. Small 
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flat disks of celluloid were pressed in a 
thin die of which the front and back walls 


eters were dropped into the cavity, the 
die was vibrated to permit them to settle, 
and then pressure was applied by means 
of the wooden punch. The disks were 
photographed while under pressure, using 
polarized light. The first conclusion that 
can be drawn from this picture is that many 
voids or ‘‘bridges” are left between the 
particles. The illustration also indicates 
that some of the particles, particularly 
the small ones, are not even elastically 
stressed as a result of “bridging.” If this 
were undeformable powder, such as tung- 
sten carbide, the addition of: a certain 
percentage of extremely fine particles 
would permit the feed of an increased 
amount of powder into the die cavity, 
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and thus a more effective utilization of was determined. From these findings. a 
the die space as well as an increase in the plot was made of density versus height o 
number and area of contacts between the the compact (Fig. 2), which shows that the 
particles. Any further increase in packing density nearest the movable punch is 


Pressure on compact, tons per sq.in. 
0 5 10 5a. 20 25 30 


Percentage of theoretical density (8.9) 


zs 0 0.2 04 . 0.6 0.8 1.0 1.2 

2 Distance from top of compact, inches 

WSS Fic. 2.—DENSITY AND EFFECTIVE PRESSURE IN GREEN NICKEL COMPACTS. = | 
5 with such hard powders can be achieved approximately 72 per cent, while at the } 
a only by fragmentation. On the other hand, opposite end it has dropped to 61 per cent 
FES if the powder were soft iron or copper, it is of the absolute density of nickel: The fact 

1 obvious that further densification could be that the density of the compact decreases 
. my accomplished by using a higher pressure, from one end to the other means, of course, 
-* resulting in further plastic deformation. that the effective pressure on the powder 


For the softer powders, then, an addition layers near the punch is high, whereas 


a compact 1 in. high and 1-sq. in. in cross pact were determined. From the results’ 
section was pressed at 30 tons per sq. in. plotted, a third plot can be made showing - 
from one side only. The powder used was the change of the effective pressure with 
annealed electrolytic nickel powder. After depth in a 1-in. compact. The third curve 
removal from the die the compact was shows that when a pressure of 30 tons per 
carefully cut into eight sections of equal sq. in. is used to compact the particular 
thickness, and the density of each section nickel powder involved, the effective pre 


Rey of extremely fine particles is not imperative it is much lower the farther the powder is — 
* in order to obtain improved density by removed from the punch exerting the com- 
+ pressing. From the standpoint of sintering, pacting pressure. In order to illustrate 
a ; however, the addition of fine particles the effective pressure drop in the compact, 
Be” might prove more effective. thin compacts approximately }¢ in. thick 
oe In order to follow experimentally what were pressed under various pressures. | 
‘y | happens in the second stage of pressing, The resulting density values for each com- 
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2 RICHARD P. SEELIG 
f 
Z “sure of compaction 1 near the bottom of a 
$3 -in. compact is approximately 1o tons 
éa "per square inch. 

+ The densities plotted in Fig. 2 refer only 
_ to average density. By carefully cutting 
_~ sections from the center and from the sides 
_ of slices of the compact, it was found that 
_ for low and intermediate pressures, about 
eE15 to 40 tons per sq. in. for iron, a hori- 
_ zontal density gradient also exists. In 
| _ the top sections of the compact the center 
Z is of lower density than the material near 
; the: side walls; in the sections at the 
Z bottom of the compact, the densities are 
#g reversed. This may be attributed to die 
<a ~ wall friction. 

- Balshin! considers interparticle friction 
5 be chiefly responsible for the density 
3 _ gradient met with in pressing. By mixing 
4 per cent of graphite powder with copper, 
_he finds that the density gradient can be 
_ practically eliminated. This experiment 
_ was repeated with nickel powder, using a 
pressure of 30 tons per sq. in. to obtain a 


4 compact I in. in diameter and approxi- 


Tasre 1.—Effect of Lubricants on Green 
~ Density of Compacts Pressed at 30 Tons per 
Square Inch from Nickel Powder 


ABSOLUTE DENSITY, 


MATERIAL AND TREATMENT PER CENT 

airs Retr e b 66 

76 

Forapuite® veces vrs + = 78 
Nickel powder + 4.5 per 

Bcent silica Oun..c.% .0. 64 
Nickel powder + 0.5° per 

Gent stearic’acid......<.+- 75 
Nickel powder; die walls 
- lubricated with stearic 

UTI eee cen ee ea 76 
Nickel powder; die walls 
lubricated with Colloidal 

‘graphite PORES Wien Hata: 74 
Nickel powder—die walls 
-_jubricated with stearic 

UCL Se ay ie ee Ores ees 76 


4 pehis, compact was J in.. 
a pieh, all others were 1 in.) 
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mately. 1 in. high. The experimental 
results are given in Table tr. 

For comparison’s sake, one mix contain- 
ing 4.5 per cent silica flour was compacted 
to 1-in. height and one straight nickel mix 
without lubrication but only to 1g in 
height, both at 30 tons. The density 
achieved with stearic acid in the mix, or 
only on the die walls in the pressing of 
1 in. high compact is the same and equiva- 
lent to the density obtained in pressing a 
1g-in. high compact at the same pressure. 
In each case, the absolute density used for 
calculation was that for metal powder 
plus admix. Repeat measurements using 
4 per cent graphite of an extremely fine 
particle size indicated that the measurable 
difference in density was real. As a con- 
sequence we cannot rule out interparticle 
friction; yet, it is apparent that die-wall 
friction is the factor of major importance. 

Although used by Balshin! to illustrate 
density gradients, the technique of Ra- 
kovski? can also be used to illustrate die- 
wall friction. These workers use either 
metal foil or slight amounts of graphite 
powder to separate layers of equivalent 
weight of a metal powder in a die. After 
pressing a compact from such a multiple 
fill, it is possible to separate the individual 
layers for examination. The heights of each 
layer clearly indicate the lower density of 
the layers farthest removed from the 
punch. We have repeated these experiments 
using iron powder layers separated by a 
thin film of ultrafine copper powder. 
After compaction and ejection self-sus- 
taining layers were separated with a razor 
blade. The lower surface of the layer 
nearest the movable punch always ex- 
hibits the greatest curvature. If the die 
walls ate poorly lapped, the curvature is 
greatest in the section immediately ad- 
jacent to the die. The results are sche- 
matically given in Fig. 3. When the die 
walls are carefully lapped and lubricated 
and the compact height is not greater 
than the diameter, the layers are of 
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equivalent height and the parting surfaces 
are practically flat. 

The relative importance of die-wall 
friction in introducing density gradients, 


P 


Fic. 3.—CROssS SECTION OF IRON POWDER 
COMPACTS PRESSED AT 80 TONS PER SQUARE 
INCH. 

Curved surfaces delineated with copper 
powder using modification of the Rakovski 
method. Same experiment with a poorly 
finished die exhibited added curvature near 
die wall. Each powder section is of equal 
weight. Density of each section is inversely 
proportional to the area. 


and thus stress gradients, depends also 
on the geometry of the compact and the 
pressure employed in compaction. In 


_ cylindrical compacts whose height is small 


as compared with the diameter, the fric- 
tional effect of the die walls is of lesser 


"raw material itself. While it is a relatively — 


importance. For each pressure used we 
have found with thin compacts that there 
is an optimum height of compact for maxi- 
mum average density. Thinner compacts 
expand on ejection from the die because of — 
the release of elastic stresses. Balshin’ — 
indicated this with tungsten and we have 
verified it with nickel and iron. As the ~ 
height of the compact is increased to sizes 
greater than the optimum discussed, the 
density gradient in the compact becomes _ 
steeper for the same applied pressure. For — 

a compact height which is about twice the © 
diameter (and for constant height) the 

density increases with increasing pressure; 
yet the density gradient often becomes — 
steeper only to flatten out again if extremes 
of pressure are applied. For hard powders, | 
such as chromium and tungsten cracking ~ 
occurs before the last stage is reached; 
for soft powders, such as lead and tin, 
such variation of the density gradient can 
readily be ascertained. With fully annealed — 
iron and nickel powders, the last stage is 
not readily measured when the ratio of 
the height to diameter exceeds 3 to 1. 
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EFFECT OF RAw MATERIAL ON PRESSING 
IN PRODUCTION WORK 


One of the most important factors in 
commercial pressing is the selection of the | 


simple matter to distinguish between the - 
pressing behavior of copper and chromium > 
powder, it is more difficult to differentiate — 
between one type of iron powder and — 
another simply on chemical composition 
and particle-size distribution. ‘ 
With some materials humidity control _ 
is imperative if close final dimension con- : 
trol is required. Intentionally added 
impurities, such as corrosion inhibitors, — 
if they are present in small amount 
are usually more beneficial than harmful. — 
Nevertheless, all surface impurities, ifs 
they inhibit the formation of “cold welds” — 
during pressing or “hot welds” during the 
sintering cycle, can be detrimental. A “AS 


é 
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~ particularly illustrative case is the lubrica- 
tion of Alnico mixes with stearic acid. 
_ Too long a mixing time leads to compacts 

insufficient green or sinter 


_ that have 
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strength. The use of the same amount of 
stearic acid in the mix, but less mixing 
time (less uniformity of coating) leads to 
the production of more acceptable products. 
In most cases secondary constituents 
alloyed with the powder give harder 
powders, which are less readily compacted 
into intricate shapes in mass production 
schedules. Among intentionally used alloy 
- powders, brass is quite amenable to 
pressing. For harder powders, the use of 
the proper fine particle-size distributions 
and the use of lubricant such as “‘Carbo- 
wax,” “stearic acid” and other addition 
agents which function in part as adhesives 
"are necessary. ie 
_ -The use of any particular powder ‘in 
plant operations is often curtailed for 
certain applications necessitating high 
pressure, since lamination cracks occur 
Ss perpendicular to the direction of pressing. 
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Fig. 4 shows two tensile specimens pressed 
from two different types of iron powder 
pressed at the same pressure. One shows a 
lamination crack failure; whereas, the 


s 


Fic. 4.—TENSILE SPECIMENS FROM TWO DIFFERENT IRON POWDERS PRESSED AT SAME PRESSURE. 


other is free from such shortcomings. The 
former powder is found adequate, however, 
for most applications requiring lower 
pressure. To be sure, the first powder can 
be somewhat improved by further anneal- 
ing, but with the use of higher and higher 
pressures in the pressing of a powder slight 
differences in internal structure and chemi- 
cal composition play a decisive role. 

Such properties as compactability and 
green strength of various metal powders 
have not yet been standardized as to 
terms or tests. They are indeed difficult 
to define and standardization is all the 
more difficult because different manu- 
facturers do not always agree on their 
performances, depending on the particular 
techniques used in their plants or the 
desired characteristics in their final prod- 
ucts. Important features for the production 


man are, 
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' x, The maintenance of sharp corners in 
handling green compacts. 

2. Good definition of shape details. 

3. Smooth surface. ; 

4. Ability of powder to flow into small 
openings in*the die cavity. 

5. Ability of green parts to resist de- 
formation or cracking where intricate 
shapes are handled and where density 
gradients cannot be avoided. 


PRESS EQUIPMENT 


Besides the capacity, the speed and 
method of operation (mechanical or hy- 
draulic), there are many other functional 
differences between different types of 
presses usable for pressing metal powders. 

It is in general recognized that where 
presses of more than 150 tons capacity 
are needed, hydraulic equipment is superior 
to other types. It has often been said that 
the press capacity imposes a limitation 
on the size of the parts that can be molded 
by powder metallurgy. This is not so. 
There are presses available, which were 
used in the aircraft and allied industries, 
of exceptionally high capacities. Such 
presses can readily be built or converted 
for use in powder metallurgy. The limita- 
tions are to be found elsewhere; mainly 
in the cost factor resulting from the opera- 
tion of a large press, the building and 
maintenance of large dies, and the expense 
resulting from the subsequent sintering 
operations of large compacts as well as 
the cost of the powder. 

The press builder is concerned not only 
with the total capacity of a molding press 
but also with the entire cycle. Specifically, 
he must know at what point of the cycle 
the press must exert mast of the pressure 
and at what other points much lower pres- 
sures, or no pressure, must be exerted. 
Such knowledge enables the builder of 


hydraulic presses to design a machine 


with a rapid approach of the ram up to the 
last point of squeeze, and it enables the 
builder of mechanical machines to design 
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cams and levers in such a way that they 
are capable of carrying the full load when © 
needed, with no unnecessary weight to be 
moved around during the remainder of © 
the cycle. In order to investigate the 
pressure cycle more closely, small bars — : 
have been compacted measuring 1 by 
14 in. with a depth of cell of 0.750 in. — 
Two materials were used; namely, copper | 
B as furnished by Charles Hardy, Inc., 
and minus 100-mesh annealed electrolytic _ . 
iron as furnished by Plastic Metals, Inc. 
Pressures ranging from ro to 70 tons per — 
sq. in. were used, and the thickness was 
measured after each compression. The 
values shown in Table 2 are averages of 
nine measurements of copper and six 
measurements of iron. 


TABLE 2.—Measurements after Compression — 


Pressure, Average 

Tons per Thickness, ome Ratio 

Sq. In. n poe 

COPPER 
10 0.333 0.417 2.28 
20 0.286 0.464 2.62 
30 0.262 0.488 PW 
40 0.263 0.487 3.04 
50 0.237 0.513 3-17 
60 0.233 0.517 3.22 
70 0.233 0.517 3.22 
IRON 

10 0.322 0.428 2.33 
20 0, 281 0.460 2.68 
30 0,263 0.487 2.85 
40 0.251 9.499 2.99 
50 0.245 0.505 3.07 
60 0.235 0.515 3.19 
70 0.232 0.518 3.24 


The conclusion to be drawn from this — 
table is that substantial pressures need 
to be exerted only near the very end of the 
compression cycle. Thus, the designer can 
plan on using not only the clearance 
between the punch and die, but also sub- — 
stantial travel inside the die, for a fast 
approach or for light structural design. 
An exception to this statement may be 
taken by some who have found by ex- 
perience that a too fast entry of the upper 
punch into the die cavity results in ex- — 


cessive loss of powder, especially with 


- worn dies or punches. This may be par- 


ticularly annoying if powder is blown out 


of the cavity only at one or two points, 


which may cause weakening of the structure 
of the part being made without obvious 
visible defects. However, particularly for 


the manufacture of parts requiring great 


depths of fill, these findings should be of 
interest. According to the tabulated data, 


_ the punch penetrated into the die approxi- — 


mately 34 in. under pressure of 70 tons 


per sq. in. when the depth of fill was 34 in. 
This penetration at maximum pressure 


may be called 100 per cent travel. Under 


the lowest pressure used (1o tons per 


sq. in.), the punch entered the die more 
than o.4 in. for both materials tried. 
‘That is more than 80 per cent of full travel. 


ck 4 In other words, less than 15 per cent of 


- 
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maximum pressure is exerted by the time 
merely 20 per cent of the vertical movement 
has yet to be traveled. 

In the pressing of large flat parts, such 


Fic. 5.—PUNCH AND PUNCH ASSEMBLY. 
a. Lower punch as specified by press. 


as clutch facings or brake linings, very 
large presses up to about 1500 tons capacity 
are used. In one design of the ejection 
mechanism the compact remains under 
pressure for a short period after ejection 
from the die. Cracks due to ejection are 
reduced in this fashion. 

Presses with more involved mechanism 
and more complex movements have be- 
come available during the past few years. 
Some of these are usable for one particular 
job and it is difficult to change to other 
types of parts. Others are quite flexible, 
but result in rapid wear on the drive 
mechanisms, such as cams, cam rollers 
and bearings. Still others prefer to use 
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relatively simple press movements and _ hand design is substantially as spec ed 
obtain the varied punch movements by by the press manufacturer. The one on — 

iy means of intricate punches designed for the right side is a redesigned punch — 

each die. assembly resulting in the same over-all — 
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Fic. 6—CLAMP NUT FOR LOWER PUNCH HOLDER. 
a. As furnished with machine. : 
b. Split nut, as used in production. 


DIE. 


SHRINK 
RING 


Fic. 7.—D1e HOLDER, DIE AND ADAPTER. 
a. Die holder, suitable for inserting dies of various heights but limited in diameter. 
b. Die and adapter, designed especially for-ease of assembly and setting. — 


- The successful operation of a press dimensions for proper timing of the cycle, 
often depends on details such as the but breaking the punch down into various 
design of adapters and holders for dies components so that punches and cores — 

and punches. : can be easily assembled, aligned and_ 
_ Figs. 5 to 7 show a few typical ex- replaced. ae 
-amples of such designs. Fig. 5 shows a This punch is usually attached to the 
y _ lower punch as used in a conventional ram of the press by means of a clamp nut 
__ mechanical compacting press. The left- (Fig. 6, left side). By redesigning it as S 
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- shown at the right side, the assembly can 
-_ be made much more readily, particularly 
-- when punches and die have to be set up 
as a unit. In other words, an assembly 
_ that is too large to fit through the opening 
_ of the single clamp nut can be set in to 
_ the press and then the split nut assembled 
- around it before the punch is fastened. 
Fig. 7 illustrates a design change in a 
die holder suitable for dies of limited 
depth, but allowing space for die shoes or 
shrink rings and permitting easy setting 
-and disassembling. Some of the minor 
but helpful features include the small 
undercut between the die shoe and the 
die spacer, which permits the insertion 
- of pry bars to lift the die out of the die 
table. The tapholes in the top of the 
shrink ring are provided also for the 
purpose of ease in removing the die from 
the press. This feature is important be- 
~ cause in automatic operations the die must 
be level and flush with the die table in 
order to permit the feed shoe to slide 
freely across the surface, to fill the die 
cavity and remove the ejected part from 
_ the previous cycle. 
The method of feeding the metal powder 
into the die is an important feature if 
control of dimensions and properties is 
_ important. On large and intricate parts, 
the feeding is often done by hand, and the 
human element is predominant. On smaller 
ae and simpler parts, the feeding is often 
B mechanized and sometimes is completely 
* automatic. Regardless of whether the 
feeding | is manual or mechanical, one of 


istency ‘of sizes in the pressed as well 
sintered compact, experiments were 
‘un on both hydraulic and mechanical 
esses. At the same time, the effect of 
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he method used in reversing the press 
a Was (ek studied. Table 3 shows the 
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conditions of the first group of experiments 
made on a hydraulic press. 


TABLE 3.—Conditions of First Group of 
Experiments on Hydraulic Press 


Ap- 
prox. 
Batch Method Method | Pres- 
Noviliteeds of Re- | sure Results 
ing versal | Tons 
per 
Sq. In. 
tI |Bulk Stroke a0) Size variations re- 
latively low 
2 |Bulk Pressure Io | Size variation rela- 
: tively high. Weight 
more consistent 
than in batch 1 
3 Bulk /Stroke 30 Relation between 
4 Bulk - |Pressure 30 batches 3 and 4 
similar to that 
for lower pres- 
; sures 
5 |Weight |Stroke 30 When powder is 
6 |Weight |Pressure 30 fed by weight, 
the method of 
reversal of the 
ram has no ap- 
preciable effect 
on size 


From the experiments described, it 
becomes clear that the green sizes are more 
accurate if the press is reversed by stroke. 
However, no greater consistency in weight 
of compacts can be accomplished by this 
method. There is a tendency toward 
greater variation for the lower pressures 
employed. Greater accuracy in size, and, 
of course, also in weight can be accom- 
plished only by batch weighing the powder 
charge. Sintering of the samples used in 
these pressing experiments shows that 
the trend after sintering follows fairly 
closely that het for the green 
pieces. 

On a mechanical press, the method of 
reversal cannot usually be varied. There- 
fore, only the three following conditions 
were studied: 

1. Manual powder feed by bulk. 

2. Mechanical powder feed by bulk. | 

3. Manual powder feed by weight. 

The difference between size stability for 
the various methods was not as great as _ 
anticipated. The main advantage of 
mechanical’ over manual bulk feed con- 
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sisted in eliminating occasional consider- 
able deviations resulting from the human 
element. The average results, however, 
were fairly close. The main advantage of 
weighing the powder for a mechanical 
| _ press seems to become apparent only 
we when a repressing operation after sintering 
is required. In this case, much greater 
size’ accuracy can be maintained after 
ey coining because the same amount of metal 
is available in each blank. 


DIES 


Unfortunately, there is no universal 
answer to the question regarding selection 
of proper die materials because production 
conditions vary widely. Die materials 
must be selected according to the number 
_ . of pieces to be produced, the pressure to 
be applied and the material in hand. 
Other factors, also, need consideration, 
even though they are not directly con- 
nected with service requirements, such as 
deformation in heat-treatment, machin- 
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Pres- 


r ion 
Productio Rue 


Code 
No. 


_ Short or trial runs............ Low | 1,2,3 | Kirksite. cast iron, ‘ 
or bronze ~ 
ir Low 4 Cold-rolled steel ‘ ’ Caseharden 
«ate High 5 Oil-hardening tool|}o.9 C, 1I-1.5 | 1400°1450°, 
Oa ; steel Mn, 0.25 Si,| oil quench; 
prtks 0.5 Cr, 0.5 W draw: 375°— 
; . 00 
~ Medium run, 5M to 50M pieces |, Low 5 Oil-hardening tool | Same as No. 5 Same as No. 5 | 
Ps F steel above above 
Gt High 6 Nickel-chrome tool | o. 75 C,0.6 Mn, 1500°—1550° oil 
ape 3 steel 0.25 Si, I.4-] quench, draw: 
; ee :7 Ni, 0.75] 275°-300° 
Long run, 50M to 500M pieces | Low 7 | High-carbon, high- | 2. C, 0.3. Mn, | 1750°—1800° oil 
: chrome 0. 25 Si, 13 Cr, quench; draw: 
: : Me <4 . 0.2 00° 
ry High qa | High-carbon, high-| 2.C, 0.3 Mn, | Peres °~1800° oil 
a , chrome 0.25 Si, 13 Cr, quench; draw: | 
ig 0.2 V _ 800°; chrome| 
% ee plate pe 
Zz Very, long run, 500M and over | Any 7, | High-carbon, high- | Same as No. 7 Same as No. 
ay ja chrome above 7, above; re- 
: ‘ ‘ ~ grinding’ or 
_ replating as 


Any | 8 
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Ras TABLE 4.—Die Materials in Common Use 


Designation 


Cemented carbide 
inserts 


de pi RTA 
7 


ability, or other attribute. The guiding — 
principle in most cases is hardness for — 
wear and toughness for pressure. Table 4 
gives a list of die materials in common use. 
Additional advantages gained from the 
use of such materials as high-carbon, 
high-chromium steels, tungsten carbide, 
and the use of chromium plating result 
from the fact that they exhibit relatively 
low coefficient of friction at high pressures 
when properly finished. As mentioned in 
the description of laboratory work, the 
loss of pressing energy in die-wall friction — 
leads to disturbing density and stress 
gradients. The use of die materials that 
tend to reduce these effects is important, 
therefore, if their control is essential. 
Such surface treatments as plating or 
nitriding have the advantage that if dies 
wear, an application of such treatments _ 
may enable the producer to recondition — 
the tool after it has worn beyond estab- — 
lished tolerances. ; ta 
Punches, cores, supports and auxiliary 
parts all have different functions to per- 
> 


Die Materials 


‘ Treatment 
Type Analysis, 
Per Cent 


\ needed 
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_ form and experience teaches what steels 
x and treatments are best in each case. For 
- punches the selection is sometimes particu- 
larly difficult because they act not only as 
compression members but also as ejectors, 
and sometimes form part of the cavity. 
_ While ordinarily a tough steel, such as the 
_ nickel-chromium steel (code No. 6, Table 
4) would be expected to resist repeated 
- compression, occasional uneven pressure 
_ distribution, and some wear, owing to 
sliding motions through the die walls. 
A more wear-resisting material may be 
necessary where steps or depressions are 
formed in the punch, or compression actu- 
ally takes place inside a multiple plunger. 
_ In extreme cases, surface hardening, plat- 
ing or the use of carbide inserts is required. 


SUMMARY 


For the purpose of developing a theory 
of metal powder pressing and to demon- 
strate some of the phenomena that take 
place experimentally, it is convenient to 
consider the process as consisting of three 
phases. There is no definite demarcation 
or sequence between these phases: 

1. Experiments described show the im- 
portance of suitable “particle-size dis- 
tribution and the effect of bridging in the 
first phase, called packing. The chemical 
and mechanical nature of the particle 
surfaces affect the process. The energy 
- applied to the powder mass is largely 
absorbed by interparticle friction. 

2. The second phase of powder pressing 
" requires as a necessary condition a certain 
amount of plasticity in the powder. It 
was possible to demonstrate by experi- 
a mental work that a considerable amount 
= of the applied energy is absorbed in die- 
‘ wall friction, leading to highly undesirable 
ay Menai gradients. It was further possible 
to ascertain that in comparing interparticle 
and die-wall friction, the latter exerts 
the predominant effect. The remainder of 
_ the energy applied in the second phase of 
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pressing goes into interparticle friction 
and deformation of the particles. 

3. In the third stage of pressing, which 
is characterized by the susceptibility of 
the powder particles to either cold-working 
or fragmentation, high residual stress 
may be induced in the compact. They 
lead to size changes and even failures after 
pressing, but they may be beneficial for 
the subsequent sintering operation. : 

For production purposes, powders react 
differently, depending on purity, particle 
size, size distribution, and shape, as well 
as on method of manufacture. Such proper- 
ties as ‘‘compactability”’ and green strength 
are of great practical importance, but are 
not readily defined nor amenable to 
testing. 

In connection with equipment used for 
production of pressed parts, the question 
of pressure distribution during a complete 
cycle of the press was studied. As expected, 
high pressures are needed only very shortly 
before maximum stroke is reached, allowing 
the rest of the travel to be used for rapid 
approach, and other effects. Another 
point of considerable practical impor- 
tance, which needs to be neglected in a 
theoretical approach, is the effect of the 
method of feeding the powder and reversing 
the press ram (constant pressure vs. con- 
stant stroke) on the size of compacts in 
the direction of pressing. Experiments 
show that greater dimensional accuracy can 
often be produced by weighing the powder- 
charge. If bulk feed is used in a hydraulic 
machine, more consistent sizes can be 
obtained by reversing the ram at a pre- 
determined stroke rather than by pressure. 

A representative group of die materials 
for different quantity and pressure con- 
ditions has been compiled. The general 
principle in selection of die material is: 
hardness for wear and toughness for 
pressure. Friction characteristics under 
pressure are also important. Emphasis 
must be put, therefore, also on the heat- 
treatment or surface -treatment. The. 


504 


requirements for punches, cores and aux- 
iliary parts are quite different, so that 
different materials and treatments are 
usually selected. 
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DISCUSSION 
(R. P. Koehring presiding) 


A. Squire.*—This is a most interesting 


paper and some data in it are corroborated 
by work I did at Watertown Arsenal some time 
ago with iron powder. I would like to ask Dr 
Wulff to say just a little more about the com- 
pressive and tensile stresses on the surface of 
compacts. 


Joan Wutrr (author’s reply)—Our work 
has not yet been completed; although enough 
data have been obtained with cylindrical com- 
pacts of iron to permit some conclusions. 
Briefly, in a compact 34 in. high and ¥% in. 
in diameter pressed at 48 tons per sq. in., 
the residual stresses on the surface measured 
by X-ray diffraction techniques are as follows: 

The radial stresses on top center and bottom 
of compacts are practically zero; the longi- 
' tudinal residual stresses on the side walls are 
near the top quarter of the compact about 
seven tenths that of the yield point of mild 
steel in tension; at the center surface of the 
compact they are in compression and in 
magnitude about 0.3 that of mild steel in 
tension; near the bottom, they are practically 
zero. 


F. V. Lenet.t—I was particularly inter- 


on the density of parts. In connection wi b 
the work of the American Society for Testing © 
Materials on determining the green density 
of a compact, we ran into considerable difficulty 
in getting reproducible results -of green- 
density determinations. It was much easier — 
to get a reproducible green density when the 
lubricant was mixed with the powder than — 
when the lubricant was applied to the die 
walls; particularly when the die was not ~ 
perfect—i.e., if it was somewhat rough or 
out of round. In this case, it was almost im- — 
possible to get reproducible green densities — 
when the die walls were lubricated, while — 
it was not too difficult to get reproducible 
results when the lubricant was mixed with | 
powder. 

Joun Wutrr.—Unless the lubricant is 
applied to the die wall as a slurry, and allowed 
to dry first or remain in place during the 
powder filling of the die, it is too often wiped — 
away. This may account for the lack of | 
reproducibility of Dr. Lenel’s results. That 
better reproducibility is obtained by mixing — 
the lubricant with the powder can only be 
explained by the fact that lubricant is ex- 
truded from the powder on the die walls during 
pressing. In any case, a poorly finished die 
introduces such a high friction that even > 
lubrication does not make for more uniform — 
distribution of density. 
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GrorGE StERN.*—This whole question of 
lubrication in powder metallurgy is highly 
interesting from both the theoretical and % 
practical point of view. It has been pointed — 
out that a good green density can be obtained — 
just by painting the die wall, and that no | 
improvement is brought about by mixing the _ 
lubricant with the powder prior to pressing 4 
This takes into account only the pics ote 
metal powder. 

Then the question of sintering enters into’ 4 
the picture. Many hold to the belief that in — 
introducing an internal lubricant we are merely _ 
introducing an impurity, which will prev 
the sintering action. We take a pure chemi 
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- question has arisen many times in our own 
organization. It would be extremely worth 
“while if someone could devise a method for 
- automatically painting the die wall and thus 
eliminate the introduction of a contaminant 
into the powders. Until such time, I am afraid 
_we will have to go along with our ‘‘primitive”’ 
-methods of blending impurities with powders 
--and introducing trouble during sintering 
_ because we have no means of painting die walls 
mechanically in our commercial presses. 


Joun Wutrr.—Mr. Stern has aptly stated 
the practical case of lubrication in powder 
metallurgy. What I have to say is but an 
addition to his remarks. In the pressing of 
Ainico mixes, it can be shown that with some 
lubricants applied dry, it is possible to coat 


sintering altogether. The same lubricant 
s E pplied in less vigorous fashion—that is, in 
ooo mixing times—leads to complete 
__ diffusion alloying during sintering. 


J. E. Drapeau, Jr.*—Have you noted any 
effect of the rate of compressing metal powders 
on the density of the green compacts? (Rate 
of compressing might be considered as rate 
of cold-working of the powdered metal com- 
a pact prior to sintering.) 


Joun Wutrr.—We have not as yet found 
any significant differences in the average 
density of compacts pressed at different speeds. 
We need to explore the subject further; yet, 
a we have noted two different types of cracks. 
In cases of slow pressing of hard powders, 
shear cracks at about 45° to the wall face 
_ appear; in rapid pressing, the cracks are of a 
_ more lamellar nature. Perhaps Mr. Drapeau 
ae refers, however, to thin compacts. In this 
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case Balshin showed for tungsten what we later 
found with nickel, copper and iron; namely, 
that for any pressure there appears to be an 
optimum thickness whose density is a maxi- 
mum. Thicker and thinner compacts exhibit 
a lower average density. Higher pressing 
speed appears to shift this maximum. This 
work is as yet not completed. 


(W. R. Toeplitz presiding) 


C. G. GortzeL.*—Tying in to some extent 
with the question raised by Mr. Drapeau 
concerning the rate at which pressure is 
applied, I should like to ask the authors whether 
they have ever considered the possibility of 
applying the pressure dynamically? There is 
some interest now in the problem of applying 
so-called “dynamic loading,” particularly for 
very high pieces, and the ideas go in the 
direction of using a dynamic drop-hammer 
type of press, a percussion press, or a simple 
type of pneumatic drill press of the kind used 
in breaking asphalt in the street. The claims 
are—at least from one source—that friction 
effects on the die walls are very much changed 
by this kind of pressure. In fact, it is claimed 
that the friction is lessened at the die walls 
and that very high compacts can be pressed 
to a much greater uniformity in particle con- 
centration by this method. 


Joun Wutrr.—My answer to Dr. Goetzel’s 
question is the same as that for Mr. Drapeau. 
I may add that some years ago we tried rapid 
pressing in a percussion press. The ram was 
activated by igniting an explosive mixture. 
Unless we introduced adhesives with hard 
materials, briquetting was extremely difficult. 
With metal powders it was difficult to avoid 
cracking of the compact, and with relatively 
soft powders, freezing. 


*American Electro Metal Corporation, 


Yonkers, N. Y. 
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Pressing Complicated Shapes from Iron Powders 


By Craus G. GortTzEL,* MEMBER A.I.M.E. 
(Chicago Meeting, February 1946) 


PRESSING of powdered metal parts is 
best done in the direction of the shortest 
extension of the piece, to avoid too great 
a loss of pressing force through internal 


AXIS OF PRESSURE 


® 


Fic. 1.—CHANGE IN CROSS SECTION UNDER PRESSURE. 


friction. As long as curved surfaces, re- 
cesses, or offsets occur only parallel to 
this shortest axis of pressure, no special 
difficulties arise: the cross sections, per- 
pendicular to the pressure, do not vary, 
nor does the shape of the parts change 
during compression except for a gradually 
reduced thickness (Fig. 14). The problem 
becomes more difficult, however, when the 
curved surfaces or recesses are perpen- 
dicular to the shortest axis of the part 
(Fig. 1B). 

Two processes for molding uniformly 


dense parts with complicated shapes from 


powdered metals are described in detail in 
this paper. Both can be employed success- 
fully by those trained in the art. The first 
refers to curved parts; the second is 
especially adapted to parts having one or 
more recesses or steps. Both methods, as 

Manuscript received at the office of the Insti- 
tute Dec. 1, 1944. Issued as T.P. 1920 in 
METALS TECHNOLOGY, October 1945. 


* Technical Director, American Electro Metal 
Corporation, Yonkers, N. Y 
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set forth here, are applied under the con- 
dition that presents the more difficult: 
problem. 

For clarity, before description of thed 


| 


two practical methods, the variable factors 
in molding powdered metal parts will be 
reviewed, then an idealized procedure will _ 
be considered briefly. ; 


VARIABLE FAcToRS IN MOLDING 
POWDERED METAL PARTS 


Compression Ratio 


Compression ratio is defined as the pro- _ 
portion of the final relative density of the 
compact to the apparent density of the — 
powder. For iron powder of an apparent — 
density of 3.0, for example, a compression — 
ratio of 2}4:1 would be required to produce — : 
a compressed compact of 7.5 density; — 
whereas for another iron,powder having — 
an apparent density of only 1.5, a com- — 
pression ratio of 5:1 would be required to © 
produce the same density. The lower the — 
powder’s apparent density, the greater — Bs 
must be the compression ratio for pressing 
compacts of high density. 


| 
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Metal powders, manufactured by various 
_ methods, vary widely in their apparent 
densities, and the choice of a powder of 
satisfactory density is in practice governed 


DIE 


largely by conditions prevailing during 
molding. Powders of relatively high appar- 
ent densities (and consequently smaller 
compression ratio) are better adapted to 
> quick-acting mechanical presses, since they 
_ flow more rapidly into the die cavity. 
_ Moreover, a shorter stroke of the press 
slides is required and the molding cycle 
is thus accelerated. 

On the other hand, the use of such 
powders has an adverse effect on uni- 
_ formity and cohesion in complicated shapes 
of the kind discussed here. The smaller 
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the compression ratio, the shorter the 
distance an average powder particle must 
travel during the compression of the 
powder from its loose state to its dense 


PRESSURE 


UPPER PUNCH 


7 


kK, DIE CAVITY FILLED 
WITH POWDER 


LOWER PUNCH 
UPPER PUNCH 


COMPACT LOOSELY 
COMPRESSED 


LOWER PUNCH 
UPPER PUNCH 


/ é 

ae cCOM- 
Gi PRESSED INTO 
FINAL SHAPE 


LOWER PUNCH 


Fic. 2——CONCENTRATION OF PARTICLES OF POWDER. 


shape. Most of the particles would tend 
to travel only a short distance in a direc- 
tion parallel to the axis of pressure, with 
little or no deflection in the direction 
demanded by the irregular contour of the 
body to be pressed. Consequently there 
result gross concentrations of powder par- 
ticles in certain small cross sections, while 
other larger cross sections are substantially 
depleted (Fig. 2 and Table 1). The high 
concentration of particles in the thin cross 
sections produces some very dense areas 
with severely strained particles, often 
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TABLE 1.—Density of Pole Piece from Iron 
Powder (Apparent Density 1.88 Grams 


per Cubic Centimeter) Pressed 
Immediately into Final Shape 
Density 
Com- 
pres- 
— Grams Per sion 
Section ae Cent | Ratio* 
CC LOEis 7 
Final Shape Overall] 7.20 91.5 | 3.83:1 
A 6.63 84.2 |3.53:1 
B y ay | 9l.9 | 3.85:1 
C C 7.75 | 98.5 | 4.1221 
D .25 92.1 | 3.86:1 
E 6.68 84.9 |3.55:1 


@ This is the ratio of the relative density of the 
final compact to the apparent density of the powder. 
showing planes of rupture, and other cross 
sections showing extensive porosity. Fre- 
quently, because of lack of sufficient 
material, sections with such loosely com- 
pacted particles crumble during ejection 
from the die or during handling thereafter. 


Pressure 


Each powder has its own limitations in 
the pressure range useful for molding. A 
harrow range of pressure applicable, as 
with refractory metal powders, may be 
disadvantageous, as it may require special 
presses for different powders and shapes. 
A wide pressure range, on the other hand, 
permits a better choice in the selection of 
presses and the use of any one press for 
a number of applications. 

The lower limitation in pressure is fixed 
by the ability of the powder particles to 
adhere to each other when forming stable 
contacts in areas increased by plastic 
deformation of the particles. This lowest 
compacting pressure, at which the par- 
ticles adhere and a compact with sharp 
outlines is formed, may be as low as 34 ton 

. per square inch for certain soft iron or 
copper powders, but it may also be as high 
‘as 50 tons per square inch for harder 
_ powders, such as steels. Certain very hard 
powders, such as hardened steels, may 
not be compressed at all at any feasible 
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may be as low as 50 tons per square inch © 


pressures, say below 200 tons per squa : 2 
inch. ‘Som 
The upper limit of the pressure range 
is controlled by several factors—again by — 
the particle plasticity, but also by the 
entrapment and compression of air, and —— 
by limitations imposed by press capac- 
ity and die strength. Soft and plastic © 
powders tend to show particle overstrain- 
ing and compacts thereof exhibit cone-— 
shaped cleavage cracks above a certain 
pressure, usually above roo to 150 tons 
per square inch. The maximum permissible 
pressure depends very much on the thick- 
ness of the thinnest cross section, and 


for very thin cross sections. For harder 
powders, this maximum pressure cannot. 
be generalized, as it may be very high (for 
steels) or very low (for tungsten, molyb- — 
denum, etc.). Air entrapment usually 
cannot be prevented, and the highly com- 
pressed air tends to expand abruptly upon 
pressure release, ejection or subsequent — 
sintering. Press capacity and die-strength — 
limitations impose at present maxima of 
about 60 tons per square inch pressure — 
for quick mechanical press operations, and 3 | 
roo tons per square inch pressure for : 
slower hydraulic press operations. 


Particle Plasticity 


The behavior of a powder under pres- 
sure is influenced by the softness and — 
plasticity of the metal particles. Hard 
particles, such as steel or chromium, offer 
great resistance to compacting and defor- 
mation under pressure, and may only be 
compressible within a close range Oba 
comparatively high pressures or with the — 
aid of plastic binders. Soft powders, such — 
as copper or sponge iron, can be compressed — 
to bodies of various densities by applying ee. 
pressures in a wide range. At the sam 
time, the degree of plasticity affects the : 
ability of the particles to deform, to by- 
pass each other or to move in a pee 


: the more easily they can be moved to fill 
_ the voids and equalize the density. 


Lubricants 


Lubricants—usually powdered stearates, 
waxes, or similar materials—to which a 
commercial solvent has been added are 
mixed with the metal powders. Upon 
evaporation of the solvent, they form films 
around the metal particles and thus facili- 
_ tate slippage of the particles past each 
other, closer packing of the mold cavity 
Sander a given pressure, and the shifting 
of particles from regions of high to those 
_ of lower concentration. During compres- 
- sion, part of the lubricant, oozing outward 
and covering the inner faces of the die 
cavity and punches, lessens abrasions of 
these faces and adherence of powder 
3 particles to them. Finally, by reducing 
- flow disturbances and deformation of the 
_ particles in the surface layers, the lubricant 
iz ‘produces compacts with smooth side faces. 


- [pEALIZED MoLpInc oF UnrrorRMLY DENSE 
Compacts with CURVED FACES 


Uniformly dense compacts having large 
~ concave or convex faces in a plane parallel 
4 4 ‘to the longitudinal axis can be molded best 

if the compression ratio is large and kept 
constant in each plane parallel to the axis 
of pressure throughout the entire com- 
__ pressing operation. This is illustrated in 
Fig. 3 for a concave body, and in Fig. 4 
for a part with a convex face. The illus- 
trations represent idealized cases for a 
compression — ratio of 4:1. In order to 
‘maintain this compression ratio over the 
entire width, the powder of an apparent 
sity of 1.8 could not be filled flush with 
he top face of the die. Instead, its top 
er of particles would have to follow an 
ptic curve, and the powder-fill volume 
be strongly concave (Fig. 3) or 
€ (Fig. 4). This concavity or -con- 

of the ideal powder-fill curve could 
re reduced PY having the 
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curved face of the final part placed down- 
ward (B) instead of upward (A). 

If a truly iso-dense compact is the 
object, the compression ratio must be 
maintained uniformly throughout the en- 
tire cross section at every stage during 
the actual compression. If, for instance, 
slight pressure (P = P;) from top to bottom 
results in one fourth densification of the 
powder, the compression ratio must change 
from the initial 4:1 (P = Po) to 3:1 through- 
out the entire cross section. The initial 
curve of the top powder-particle layer 
would have to flatten out into another 
curve of larger parameter. This means 
that the top punch curvature would 
flatten with increased compaction to 
follow the changing powder curve; and 
also, that the individual particles would 
have to move only in planes (A-A, B-B, 
etc.) parallel to the axis of pressure, 
excluding any lateral movement. The 
same procedure would follow if the pressure 
were increased (P = P,) until the maximum 
necessary to obtain the uniformly solid 
body was obtained. 

In practice, this idealized molding pro- 
cedure is not feasible, for several reasons: 
The shape of the top punch, if made from 
metal, cannot change during the pressing | 
operation. The curved powder fill cannot 
be obtained in industrial press and molding > 
equipment, all of which operates on a level 
powder fill, flush with the top face of the 
die. The idealized type of filling, moreover, 
would require complicated feeding devices, 
providing vibration, scraping, or other 
means for removing the excess powder. 
Finally, there is no way in which to prevent 
the individual powder particles from 
deflecting in a lateral direction, once pres- 
sure is applied. It may be said that during 
compaction the particles under pressure 
will follow the path of least resistance, — 
which may not necessarily be the longi- — 
tudinal direction. The movement of the 
particles is influenced mainly by such 
factors as interparticle friction, particle 
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shape, plasticity and work-hardening of 
the particles, configuration of the die 
cavity, type of lubricants, speed of pressing. 
A powder mass under pressure behaves 
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FINAL 


ABC D EFG 


FINAL COMPACT 


neither like a liquid nor like a solid, and 
the compact tends to absorb and transmit 
the pressure as though it were a brittle 
solid body only if high. pressures are 
employed. 


PracticAL MretHov oF MoLpiInG 
UNIFORMLY DENSE COMPACTS WITH 
CurRVED FAcEs 


_ A practical method of molding powders 
has been worked out which may be con- 
sidered an approach to the idealized case. 
_ Applied on a mass production scale in 
- molding generator pole pieces for field 

telephones from soft, spongy iron powder, 
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Fic. 3.—IDEALIZED CASE FOR COMPRESSION RATIO OF 4:1, CONCAVE BODY. 


the method has given satisfactory results. 
A picture of such pole pieces in their, 
different stages of production is shown in 
Fig. 5, and a drawing of one typical design — 


IDEAL POWDER 
FILL CURVE 


LOWER PUNCH 


IDEAL POWDER 
FILL CURVE 


LOWER PUNCH 


in Fig. 6. This field pole piece, mainly a 
flat, rectangular plate approximately 2 in. | 
long, 13¢ in. wide, and 3¢ in. thick, has, 
however, one large face curved with an 
radius of approximately 34 inch. er 

By employing regular level feeding of 
the powder, the method of molding this — 
shape enables us to use industrial mol 
equipment. The powder to be allotte 
each compact is fed from a hopper 
the die cavity, and leveled a flush 
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the amount of powder to be briquetted 
has been found accurate enough for all 
practical purposes. However, for extreme 
accuracy in the final dimensions of the 


ABC 


B= 


FINAL COMPACT 


FINAL COMPACT 


ABC 


- compact, requiring variations in weight 
_ of less than 1 per cent, the batch-weight 
‘method has been used successfully. Here, 
each powder allotment may be weighed 
_ with the aid of a photocell-controlled exact 
weight scale, and then fed into the die 
ith ¢ No leveling of the powder flush 
with the die top is necessary; to prevent 
. - losses of powder that would upset the 
~ accurate weight method, the lower punch 
_ may even be set low enough to permit a 
Sy -powder-fill level slightly below the die-top 


«4 


- met: re) to assure that the compression 
r ratio changes as desired during inter- 
3 mediate stages; (2) to provide a | top punch 
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that could change its curved face during 
molding. 

These needs have led to the introduc- 
tion of a fractional molding, with inter- 
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Fic. 4.—IDEALIZED CASE FOR COMPRESSION 


RATIO OF 4:1, CONVEX FACE. 


mediate heat-treatments, yielding partly 
compressed, porous bodies of shapes inter- 
mediate between the powder-fill shape 
and the final contours of the dense body. 
At the same time, favorable distribution of 
material in the intermediate compact was 
obtained by curving both the upper and 
lower faces as shown in Fig. 7. In the 
final pressing (coining) operation, the more 
shallow curvature is flattened out into a 
plane face. 

The number of intermediate steps, and 
the configuration of the resultant inter- 
mediate shapes, were found to be depend- 
ent on several factors; namely, (1) degree 
of final density, (2) plasticity of powder 
particles, (3) tendency of particles to flow 
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under pressure and to by-pass each other, 
(4) use of lubricants, (5) radius of the 
curvature in the final compact, (6) con- 
ditions prevailing during intermediate 
sintering, (7) ductility of the metallic 


Fic. 5: —POoLE PIECES IN DIFFERENT STAGES OF PRODUCTION. 


_ body after intermediate sintering, (8) type 


of pressing. 

For the pole piece shown in Fig. 6, one 
intermediate shaping has been found 
sufficient to produce parts whose density 
averaged 93 per cent and did not vary 
more than +1.5 per cent throughout the 
cross section. To obtain these favorable 
results, however, the following conditions 
had to be fulfilled: 

1. A very plastic iron powder of the 
reduced sponge-iron type was used. 

2. To facilitate interparticle slippage, 
up to 1 per cent of a powdered vegetable 
stearate was added to the powder as a 
lubricant. 

3. An intermediate porous body, curved 
on the two opposite sides, the porosity 
being about 50 per cent, was pressed first. 

4. By means of a floating die setup, the 


heated at a temperature below 1100°C 


a 
compacts were pressed from two opposite } 
directions in a single-movement press. 

5. The porous intermediate bodies were 


for at least 15 minutes. 


6. In order to render the compact ductilel I 
enough for the second pressing (coining), * 
all impurities, such as oxygen or foreign 
matter introduced by the lubricant, were 
removed during a preliminary heat-treat- 
ment at a temperature below 700°C. 4 

7. To remove effects of the severe — 
strain-hardening after the second pressing, _ 
a heat-treatment at a temperature not 
lower than 800°C. was added. For certain 
products this second heat-treatment was _ 
carried out at temperatures above those? 
necessary for the first. ee 

As an intermediate shape, a body was 
formed whose one radius ro was 34 of 
that of the radius r of the final piece; while 
the opposite curvature had the same radius 
r as the final piece. This design facilitated 
the pressing of a sufficiently porous body 
with considerable material pushed into the 
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heavier side regions to allow coining into 
a practically iso-dense part approximately 
54 in. thick at the sides and }¥¢ in. thick 
in the center. For the first pressing, a 


_ Fic. 8.—ARMATURES IN DIFFERENT STAGES 


OF MANUFACTURE, 


pressure of 5 to ro tons per square inch 
was found most suitable, as it yielded 
sufficiently strong compacts whose thinner 
center regions, though denser than the 
sides, were nevertheless not overstrained 
by excessive local pressure. On the other 
hand, a pressure of this magnitude formed 
bodies of approximately s50 per cent den- 
sity, which, after sintering, were ductile 
and compressible enough to be coined into 
their final shape at pressures of 50 to 70 
tons per square inch. Table 2 gives some 
data of compression ratios and densities 
in various sections of the preformed and 
final shapes. 


PRACTICAL METHOD OF MOLDING 
UNIFORMLY DENSE COMPACTS 
WITH OFFSETS, STEPS 
AND RECESSES 


In molding iso-dense parts having step- 


like projections, recesses or offsets, a 
/ 
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_ if the powder-fill volume is proportiona 
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partic 


procedure similar to that outlined herein — 
can be employed. Again, it must be borne ~ 
in mind that such molded bodies will have — 
a uniform density throughout only if, at 
every stage of the press operation, th 


TABLE 2.—Density of Pole Pieces from Iron — 
Powder (Apparent Density 1.88 Grams 
per Cubic Centimeter), Pressed 
First into Different Preforms, 
and Afterward Coined 

into Final Shape 


Density 


Form Grams| Per 


Section as Cent 
.C. | of 7.87 


Preform having 
final radius on 


° 
= 
wn 
Ll 
w 


4. 
both sides. A’ = eH 3 47.1 
B’ 4.18 53.1 
Cc’ 5.26 66.9 
4 iC D’ 4.23 53.8 
E’ 3<77, | <4759 
Final Form Overall] 7.27 92.4 
thereof. * ———_ 
A 7.07 89.9 
B 7.34 | 93.2 
Cc 7.57 | 96.2 
D 7.30 92.8 
E 7.01 89.0 
Preform having) Overall] 4.14 52.5 
final radius on 
one side, but A’ 3.74 47.5 
smaller radius B’ 4.41 56.0 
on other side. Cc’ 4.68 59.5 
» D’ 4.44 | 560.4 
4 i E’ 3.80 48.3 
Final Form Overall} 7.33 93.1 
thereof. ——_ 
A 7.27 92.4 
B 7-35 | 93.4 
Cc 7-44 | 94.5 
D 7.37 | 93.7 
E 7.29 92.6 


* This is the ratio of the relative density of the 
preformed compact to the apparent density of the 
powder; or, of the relative density. of the final com- __ 
pact to that of the preformed compact. a 


compression ratio remains the same over 
the entire cross section. This is possible only 


to the compression ratio for each pla 
parallel to the pressure axis, and if lateral 
slippage of individual particles is pr 
vented. The latter may be achieved b 
interrupting the molding at short intervs 
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Fic. 9.—TYPICAL DESIGN OF ARMATURE, 
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and metallizing the porous bodies, having 
shapes intermediate between the powder- 
fill shape and the final form of the dense 
body, by a heat-treatment. This may be 


Es! 
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Fic. 11.—FLUSH LEVELING OF POWDER (THEORETICAL). 


followed by subsequent stages of pressing 
and heating. 

Another way, however, of maintaining 
the compression ratio and preventing 
lateral movements of the particles under 
pressure, which is considerably simpler 
and permits molding to final density in 
one press operation, has now been widely 
adopted and therefore calls for only brief 
description. 

The powder is filled into a die cavity 
that forms the side walls of the compact in 
the usual manner. The top and. bottom 
faces, however, are formed by punches, 
which consist of individual segments. These 
can move independently with adjustable 
speed and can also independently apply 
pressure of any desired magnitude up to 
the maximum press capacity. This type 


of molding may be called a differential 
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pressure method and can be cane ov 
in a heavy hydraulic press as well as 


COMPRESSION RATIO* 3 
(@)e-: Asbe: bre a=3:lat PO 
@ a: a+b)ibec,:c 22: Le . 


is now in operation, producing compaceal 
at a rate of 10 pieces per minute in the 
manufacture of armatures (Fig. 8) for 
field-telephone generator sets. Fig. 9 is ‘s 
drawing of one typical design. Fig. 
illustrates an idealized fill and woldie 7 
without leveling the powder flush wit 
the die-top face, while Figs. 11 and 1 
show the practical solution with flush 
leveling of the powder. Three stages with 
a compression ratio of 3:1 after fillin: 
2:1 at some intermediate stage of mol 
ing, and complete and uniform density at 
the maximum pressure, are indicated in n 
Fig. 11. The three segments U-1, U-2, and 
U-3 of the upper punch, and the thre eC 
segments L-1, L-2 and L-3 of the lowe 7 
punch, have individual movement, veloci yo 
and pressure. The segments U-3 and L-3 
are solid punches, while U-1, U-2, L-1 an 
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L-2 are split punches of forklike shape. 
Fig. 12 gives the true stages between 
powder fill and final compression as carried 
out in the cam-driven mechanical press. 
‘The advantages of this differential pres- 
sure method are evident: The individual 
action of each punch segment with regard 
to location, movement, velocity, and pres- 
sure permits a telescope type of double- 
action pressing procedure, which does 
justice to both demands so necessary for a 
high and uniform density; namely, the 
maintenance of a constant compression 
ratio over the cross section throughout 
the molding operation, and the elimination 
of lateral movement of particles caused by 
material concentration gradients of rather 
transitory character. 


DISCUSSION | 
(Frances H. Clark presiding) 


F. H. Crarx.*—Can Dr. Goetzel com- 
pare the magnetic properties such as _per- 
meability of the parts produced by powder 
metallurgy with pole pieces produced by con- 
ventional methods? How would the cost of 
the powdered metal part compare with a 
machined pole piece? 


Permeability (max.): 
Gauss 
w= Bie 


C. G. Gorrzer (author’s reply).—I can 
answer the first question better than the 
second one. Three materials have been de- 
veloped by us for soft magnetic applications. 
The material marked type 1 is about go per 
cent dense and produced from reduced iron 
powder, It is the same material from which 


* Metallurgist, cee Union Tel h 
Co., New York, N. Y oe 


TABLE 3.—Properties of Soft Magnetic Materials 


made. The material marked type 2 is about 
85 to go per cent dense and contains other 4 


type 3 is a pure electrolytic iron of about 
96 per cent density. The magnetic properties 
of these materials are shown in Table 3, 
which gives also comparative data for Armco 


meability of materials 1 and 2 is 1500 at about 
7ooo lines per square centimeter, while it is 
about 3000 for materials 3, and 4500 for Armco 
iron. The maximum flux density in lines per 
square centimeter that was found practical 
with these materials was found to be 10,000 
to 12,000 for material 1; 10,000 for material 2; — 
and 14,000 for material 3; as compared with 
about 17,000 for Armco iron. The resistivity 
for material 2 is about five times that of — 
Armco iron, while the other two materials 
are close to Armco iron. 

With regard to the second question, the 
economics in powder metallurgy depend on 
many factors, such as the shape of the part, © 
the quantity involved, what equipment can — 
be made available without upsetting a bal-— 
anced production, and, also, what kind of © 
business can be built up with such magnetic 
parts. Hence, I could not venture a guess as 
to which method is more economical at this 
point, 


2 3 


Iron Alloy, | Electrolytic 
85-90 Per | Iron, 96 Per 
Cent Dense | Cent Dense_| Cent Dense 


F. H. CLarx.—What was the shape of the 
test piece? Was it a ring or a rod? a 


C. G..GoerzeL<—The. measurements were | 
made on a flat ring of about 1}4-in. diamete 
34 in. wide, with square cross section. The 


rings were machined from flat plates. 


* Moraine Products Division, rate k, M 
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on the piece and on some of the figures a special 
: punch is shown for the lands. It seems to me 
that it should be possible to mold them 
- without a special punch. 
My second question concerns the first 
as problem discussed; namely, the pole piece. 
_ Could you tell us something about the methods 
5 Z for presintering the preform, particularly with 


ie ‘I am interested because there seem to be ey 
_ ways possible of attacking the problem. One 
way would be to get the ductilty of the 
"material during the presintering as high as 
ie _ possible, which would mean long sintering 
2 times and high sintering temperatures. The 
other way would be to get the material sintered 
__as little as possible, which would mean short 
sintering times and low sintering temperatures 
-and would, of course, result in a material of 
low ductility. 


C. G. GortrzEt.—The special punches for 
___the molding of the small lands in the armature 
-are shown only in the diagrammatic sketches of 
Figs. ro and 11, in order to clarify the molding 
- principle. In practice it was found unnecessary 
to use these very thin punch segments, and 
_ the lands could be molded and coined per- 
fectly with the simpler punches shown in 
Fig. 12, since the difference in height is very 
little. Incidentally, the outer punch segments 
are combined in forklike fashion and are 
linked to one cam of the press. 
As for the second question, in making the 
Ag 4 particular pole-piece shape here discussed 
. it was possible to form only.one intermediate 
e _ shape, provided the proper powder and correct 
=< sintering conditions were employed. The 
a compact was presintered first at about 800°C. 
- for about 15 min. in a’controlled atmosphere 


a 
a 
‘ 


- of dissociated ammonia. In this treatment, 
the volatilized decomposition products of the 
Jubricant, initially added to facilitate molding, 
_ were driven off. At the same time, the pre- 
Y" form, which had only approximately 50 per 
cent density after molding at 5 to 15 tons per 
sq. in., was sufficiently strengthened to permit 
transfer to a high-temperature continuous 
furnace, in which the part was reheated to a 
temperature of 1100°C. Sintering at this tem- 

; perature for 15 min. in dissociated ammonia 
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is on the second piece. There are little lands. 
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needed in the part to withstand the severe 
plastic deformation in the coining operation. 

The idea behind the short sinter was to 
just enable the formation of sufficient sinter 
bonds between the individual loosely ag- 
glomerated particles, so that the compact 
could then be further deformed in the next 
pressing operation. From Fig. 7, it is evident 
that a severe deformation takes place in the 
final pressing operation, and this sometimes 
caused severe fissures because first the upper 
plunger with the correct radius began molding, 
thereby condensing the two side lengths, then 
the lower, flat plunger, would start pressing 
on. these two projections, while the middle 
remained unsupported. The radius section 
became supported only toward the end of the 
pressing operation, where fairly high pressures 
were reached. Certain powders did not permit 
‘sufficient sinter bonds to form during heat- 
treating, with the result that the body could 
not withstand the uneven stress application, 
and fractures occurred, especially in the 
critical center section. However, with the 
right kind of powder, such as a reduced brand 
having not too spongy particles, the required 
severe deformation during repressing could 
be carried out without these failures. 


MermsBer.—What pressures were used on 
that 6 per cent? 


C. G. GortzeL.—The pressure is somewhat 
connected with the question of the powder 
used. If the powder is of a high apparent den- 
sity, a high relative density of the compact 
can possibly be obtained with somewhat lower 
pressures than if a very fluffy and light-weight 
powder is used. The 96 per cent dense material 
can be obtained with a heavy electrolytic iron 
powder of, say, 3.0 grams per cubic centimeter 
apparent density, by first pressing at 50 tons 
per sq. in. and, after sintering, représsing 
again, at so tons per sq. in., followed by re- 
sintering. If an electrolytic iron of 2.7 grams 
per cubic centimeter density is used, it is 
necessary to coin twice at 50 tons per sq. in.; 
in other words, to go through three pressing 
operations. It generally does not pay to go 
much above so tons per sq. in., because the 
dies do not stand up well under these very - 
high pressures unless the parts are fairly 
isometric and do not cause any severe local 
stresses on certain projections. 


Hot-pressing of Iron Powders 


By Otro H. Henry,* Mremper A.I.M.E. Anp J. J. Corpranot 
(Chicago Meeting, February 1946) : 


THOUGH powder metallurgy is one of 
the oldest of metallurgical processes, it is 
in its infancy as.a branch of the modern 
field of metallurgy. As early as 3000 B.C., 
the ancients produced implements and 
weapons of iron by reducing iron ore in a 
charcoal fire and forging the resultant 
sponge while still hot into the desired 
shape. Melting and casting soon superseded 
the powder metallurgy practice, and it was 
not until the turn of the twentieth century 
that powder metallurgy was applied to the 
commercial manufacture of tungsten lamp 
filaments. 

From this beginning, the use of the 
powder metallurgy process spread to the 
manufacture of porous  oil-impregnated 
bearings, cemented carbide tools, contact 
points, diamond grinding wheels, clutch 
facings, starter brushes, resin-bonded radio 
cores, magnets, metallic filters, and other 
parts. More recently, and particularly 
during the present war, there has been a 
definite trend toward the manufacture of 
machine parts by this process in compe- 
tition with the more conventional fabri- 
cating methods. 

Notwithstanding these many develop- 
ments, scientific progress has been slow. 
While many articles on powder metallurgy 
have appeared in the press and various 

Based on thesis submitted in partial fulfil- 
ment for M.M.E. degree at the Polytechnic 
Institute of Brooklyn in June 1941 by J. J. 
Cordiano. Manuscript received at the office of 
Se Ligtottor New’ orle Meetings Peurniee Seas 
which was canceled. Issued as T.P. 1919 in 
METALS TECHNOLOGY, October 1945. 

* Associate Professor of Metallurgical Engi- 
neering, Eten Institute of Brooklyn, 


Brooklyn, N 
t+ Research ppaintes: Hardy Metallurgical 


Co., New York 
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publications, there have been too f 
contributions to our technical societies, 
with the result that there is a dearth of the 
type of information necessary for the full | 
development of this science. It is 
primary importance that the results o 
research and development be freely dis- 
seminated if powder metallurgy is to. 
realize its fullest potentialities. 


PURPOSE OF INVESTIGATION 


Excluding the refractory metal field, 
commercial powder metallurgical product : 
made by a cold compressing and sintering a 
operation contain voids. These voids can be 
substantially eliminated by subsequent 
severe working and heat-treatment, but { 
such practice has not proved economical 
in most applications. 

By applying heat during the compressing 
operation, plastic deformation of the 
powder particles is substantially increased, 
and the resultant compact or briquette i 
practically free of voids. However, hot- 
pressing has many attendant problems, 
which at present preclude its use in the 
manufacture of precision parts. The more, 
important of these are to devise: + a 

1. A die steel capable of withstanding 


2. A high-temperature lubricant capab 
of preventing excessive die wear and we 
ing of the compact to the die walls. — 

3. A method of Ga is a neutral 


specimen ‘into a neu teal atmosphere u 
reasonably cold. 


» 
ws 
mL 
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5. A means of confining to the die APPARATUS 
pee the heat developed. ; Three methods are generally used for 
a ae design of a soundly engineered supplying heat to the specimens being 
machine for mass production. hot-pressed: (1) induction; (2) passing a 
ieee oe fir “| iy 


+ 


-- ho 


Ye ys 
g Bs 


Fic. 4. 


Sisowe Biockt 
ss vee 
We DHEEL_IT 
Fic. 1.— DIE Bopy. 
Fic. 2.—PUNCHES. 
‘Wier e, Fic. 3.—SLIDING BLOCK. 
Tsay age Te Fic. 4.—CaUTE. — 


qui ements must be met or current through the highly resistant 

ressing can become. powder mass; (3) enclosing the entire die 

nercia procedure. This assembly in a furnace. (Because of its 

on erned with determining _ relative simplicity, the latter method was 
APeamcts of used in this investigation.) 


_ The details e the Spesratue are shown a 


____ teristics listed in Table 2. 
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in Figs. 1 through 10. The die, upper ram, 1. To facilitate handling during hot 
and lower punch, and sliding block were pressing, the iron powder was precom- — 


ep a ae ore wun od 


-elevated-temperature properties of this dissolved in 20 cc. of carbon tetrachloride e 


made of heat-resistant steel. The die block pacted cold at 20 tons per sq. in. into 3 by 4 
was made of cast iron and the chute of 3 by 5-in. specimens. The die lubricant 
Fic. 6. -, 


Fic. 5.—DIE BLOocK, 
Fic. 6.—ELECTRIC RESISTANCE FURNACE. 
Fic. 7.—DI® ASSEMBLY. 


sheet steel. The chemical analysis and was composed of one gram of stearic a 


steel are shown in Table r. 2. The hot-pressing punches and 
MATERIAL AND PROCEDURE ne 


The metal powder used in these tests 
was an electrolytic iron having the charac- 
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t cae ee 
¥ TABLE 1.—Analysis and Properties of Punch and through the die cavity. Grooves cut q 
and Die Steel Used in Apparatus into the bottom of the die permitted the — 
Chemical Analysis, Per Cent flow of gas from the sliding block into the — 
Cringe ay ales aoe 0.33 ING Ve sloteresaretevareh tere 19.70 die cavity. The nitrogen : served 6 tw 
IM isc nes erecta OL4QM Chats anise sine mtn iate 8.31 f 7 
; SITS. steered pea TOLO Mere ars. Sanaa Bal. purposes: to prevent oxidation of the 
; Properties at Elevated Temperatures parts and to provide a means for purging © 
- NT eee ae . . . . AY 7 
Temper.| <Tensile | Proportional | piongation, the hot die Cavity with. hydrogen withoss 4 
ature, She aia Spee Per Cent’ forming an explosive mixture. a) 
‘ ee) 
Fe Spee Sq. In. Sq. In. ae 4. When the furnace had reached 
temperature, hydrogen was passed through 33 
2 150 5) : 2 kt 
Soe 202/008 asihbe 21.0 'the system instead of nitrogen. Before it — 
8 ‘8 ; : Ris 
395 ease aeedo tt was led into the chute, the hydrogen was 
; 38 : : : wy 
cae ED eet Soe ‘ee purified by bubbling through sulphuric — 


acid traps and passing through phosphorus 
temperature. Gas flowed through the pentoxide drying towers. The hydrogen _ 
system by passing up through the chute E escaping from the upper portion of the die 
and die block D into the sliding block B assembly was ignited and allowed to burn. 4 
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Fic, 11-—RELATION BETWEEN DENSITY AND PRESSING TEMPERATURE FOR INDICATED TIME. 
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Iron Powder Investigated 
» Apparent density in hall flowmeter, grams 
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TABLE 2.—Characteristics of Electrolytic 


RIG IROFe Cn aerate seth rs ws oe oie wits wee eae 2a8 
Flow (for 50 grams) in hall flowmeter, sec.... 46 
Hydrogen loss at 850°C. for one hour at tem- 

perature in dry hydrogen, per cent........ Ong 

Chemical Analysis, Screen Analysis, 
Per Cent Per Cent 
0,005 StL OOM oer 1.0 
0.092 | —100+150 Ae 
0.003 | —150+ 200 a5 
0.001 | —200+250 -0 
0.004 | —250+325 0) 
0.008 — 325 .0 


5. The loosely pressed compact was 


_ placed in the heated die and left for 10 


min. to soak. 


x 103 


TENSILE STRENGTH - PSII. 
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_ Frc. 12,—RELATION BETWEEN TENSILE STR 
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6. A pressure of 10 tons per sq. in. was 
applied for the predetermined time interval 
(50, 150 or 450 sec.). 

7. The specimen was ejected by releasing 
the pressure, positioning the sliding block 
so that its cavity coincided with the die 
cavity above, ejecting the compact into 
the sliding-block cavity, and then posi- 
tioning the sliding block so that its cavity 
coincided with the die-block cavity below. 
In this position the compact fell through 
the die block and into the chute. 

8. When the specimen had cooled, the 
hydrogen was replaced by nitrogen, the 
specimen removed, and the system com- 
pletely purged with nitrogen before hydro- 
gen was again used. 


800 


700 


HOT-PRESSING TEMPERATURE - °C. 
ENGTH AND PRESSING TEMPERATURE FOR INDICATED 
TIME. we 


526 


TABLE 3.—Results 
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9. The die was quenched in oil, rubbed 
with graphite again, and replaced in the 
assembly for the next run. 


ew 


ELONGATION ~- % 
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HOT-PRESSING TEMPERATURE-°C, Bee 


Fic. 13.— RELATION BETWEEN DUCTILITY AND PRESSING TEMPERATURE FOR INDICATED TIME. 


1o. The compacts obtained by hot- 
pressing were machined to conform to — 
standard A.S.T.M. specifications for tensile _ 
specimens of 4-in. diameter. ia 

11. Tension, density and hardness tests — 
were conducted on the specimens. The — 
tensile tests were conducted on a 10,000-Ib. — 
Riehle universal testing machine. The 
density determinations were made by the 
water-immersion method. To guard against 
absorption of water, the specimens were 
coated before immersion with a wax of © 
known specific gravity. Hardness tests © 
were conducted on a Brinell hardness 
tester using a 5oo-kg. load and a 10o-mm. 
ball. 

12. Amicroscopic examination was made ~ 
of each specimen (Figs. 15 and 16). 


~ 


Discussion OF RESULTS 
a The results of these tests (Table 3) 
£ indicate the potent influence of time and 
S _ temperature on the physical and mechani- 
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cal properties of hot-pressed iron powders. 
These properties are dependent upon the 
amount and rate of diffusion, which in turn 
depends on the number and area of 
_intraparticle contacts, as well as on the 
mount of plastic deformation to which 
_ the compact is subjected. Increasing 
temperature and time at temperature 
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temperature and to a lesser extent with 
increasing time at temperature. If inter- 
mediate points were obtained, the tempera- 
ture curves would probably take the 


HOT-PRESSING TEMPERATURE - °C. 


Fic. 14.—RELATION BETWEEN HARDNESS AND PRESSING TEMPERATURE FOR INDICATED TIME. 


form of S-curves with the maximum slope 
between 600° and 700°C. Within this range 
the effects of increased plastic deformation 
of the density are marked. Above 700°C., 
the density increases at a slower rate and 
for a 450-sec. sustained pressure period at 
780°C. is 99.1 per cent of the theoretical 
density of solid iron. 

Hardness.—The Brinell hardness curves 
(Fig. 14) are influenced by several factors. 
With increasing density, higher readings 
are obtained, even though there may be no 
actual increase in the hardness of the metal, 


Fic. 15.—CoMPACT HOT-PRESSED AT 500°C. FOR 50 SECONDS AT 10 TONS PER SQUARE INCH. 
“€ ORIGINAL MAGNIFICATION 500. 

=f Etched with 1 per cent Nital. Structure shows extreme distortion of particles with little if any 
Sai) signs of recrystallization. 
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Fic. 16.—CoMPACT HOT-PRESSED AT 780°C. FOR 4§0 SECONDS AT 10 TONS PER SQUARE INCH, 
ORIGINAL MAGNIFICATION 1000. 
Structure shows absence of particle boundaries and a completely recrystallized structure. 


- 


B because there is more metal available 
to resist the indentation of the ball. 
-Since the specimens are maintained at 


a. 180° bend test. 


_ temperature for only a short time, however, 
_ the cold-working that results from plastic 
- deformation must account for some of 
- the increase in hardness readings. Support 
for this contention is indicated in the 
results ‘for specimens hot-pressed above 
700°C. The metal is hot-worked and the 
annealing effects are indicated on the 
_ curves by the decrease in hardness. 

Tensile Strength and Elongation.—The 
curves for tensile strength (Fig. 12) and 
elongation (Fig. 13) clearly show the 
advantages that may be gained from 
hot-pressing. ‘The increase in tensile strength 
up to 700°C. is caused by increasing 
Beerettics bonding. The increase in 


E tates with increasing temperatures under 
sustained pressure are mainly responsible 
for this bonding. 

‘The elongation values, though nominal 
~ at the lower temperatures, increase rapidly 
at the higher temperatures because of the 
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strong bonding resulting from hot-working 
and the complete: recrystallization of the 
grain structure. ~~ 


Fic. £7, inom: POWDER. COMPACTS HOT-PRESSED AT 700°C. FOR 450 SECONDS AT 10 TONS PER 
SQUARE INCH. 


b. tensile test, 57,500 Ib. per sq. in.; 27 per cent elongation. 


CONCLUSIONS 


The properties that can be. obtained on 
hot-pressed iron powders are far superior 
to the properties of cold-pressed and 
sintered iron powders. However, the time, 
temperature, and pressure requirements 
are too severe for present-day commercial 
equipment. With advances in processing 
and materials, the hot-pressing of metal 
powders should take its place as an 
important method of fabricating metal. 


DISCUSSION 
(R. P. Seelig presiding) 


L. H. DeWatp.*—I would be interested » 


in knowing what effect on the physical proper- 
ties Mr. Cordiano has found by varying the 
rapidity at which he arrives at his critical 
pressing temperature. 


J. J. Corpiano (author’s reply).—We did 
not conduct any tests on varying the rapidity 
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at which we attained our critical pressing 
temperatures to determine the effect on the 
physical properties. Such tests were not 
included in the scope of this investigation. 
We did not feel that variations in heat-up 
time would make significant differences in 
the physical properties of the hot-pressed 
specimens. 


_L. H. DEWatp.—The reason I asked the 
question is that there are several humps in 
the curves due to recrystallizing and annealing, 
and I thought if you had brought the tempera- 
ture up very rapidly and pressed, you might 
have gotten stronger and harder compacts. 


J. J. Corprano.—In what way? The effects 
of cold-working would still remain. 


L. H. DEWatp.—There would be little or 
no annealing effect due to the heat; sintering 
would occur almost instantaneously with 
little structural change. © 


J. J. CorprAno.—You must consider that 
the pressing temperatures were within the 
range of 500° to 800°C. and the over-all times 
at temperature were short. It is my belief 
that there could hardly be much difference 
in the hardness or the amount of annealing 
of the finished specimens by varying time for 
initial heat-up periods. Considerable plastic 
deformation occurs during hot-pressing and, 
considering the operating temperatures, we 


- feel that cold-working took place during hot- 


pressing for all except the tests at the highest 
temperature. 


_ L. H. DeWatp.—In hot-pressing cemented 
carbides these variations are found, and I 
wondered whether you found similar effects 
in your investigation. 


JouHn Wutrr.*—The steel used by Mr. 
Cordiano for hot-pressing loses hardness rapidly 
at 500°C. and above. We have found stellite 
dies to be superior for hot-pressing between 
500° and 800°C, These are somewhat superior 
from an oxidation standpoint to the high 


* Professor of Metallurgy, Massachusetts 
Institute of Technology, Cambridge Massa- 
chusetts. 
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ommended by Sykes a number of years ago. = | 
There is some present indication that cast - 

alloys containing a higher percentage of 
chromium than the stellites may even be 7 
superior in the region 800° to 1000°C. Originally — 
recommended for heat and creep-resistant 
application, some of the high-melting-point — 
alloys similar to those suggested by Hamilton- 
Adams,* and containing over 50 per cent q 
chromium, with a high percentage of molyb- | ; 
denum or tungsten (c. 20 to 25 per cent) and 
some residual iron (ro to 20 per cent) have — 
proved useful for hot-pressing dies. ; 3 


R. P. Srr1ic.t—This question of die mate- 
rials is indeed very interesting. We have — 
considered going up to higher temperatures 
and higher pressures. In some cases, the © 
approach is the other way around, using high © 
temperatures at low pressures, nonmetallic a 
die materials can be used. Would anyone — 
care to comment on that phase of hot-pressing? 


C. G. GortzeL.{—Some years ago, we 
studied this question of die materials and, — 
in agreement with Professor Wulfi’s state- 
ment, we found that metallic die materials — 
could be used up to and including 800°C. — 
High-speed steel alloys containing 18 per cent — 
tungsten were found most suitable and did ~ 
not lead to difficulties in welding of the hot- 
pressed compact to the die. ; 

When using these metallic dies at 800°C. — 
we were still able to apply pressures up to — 
20 tons per sq. in. and thus obtain complete ~ 
consolidation of the compact. On the other — 
hand, when we raised the temperature to only 
goo°C., the die material became suddenly very _ 
soft and the welding difficulties became much a 
greater. We therefore looked for a non- 
metallic die material for work above 800°C, 
It was decided to use graphite because of its 
good performance in hot-pressing of cemented Ls 
carbides, although the direct contact between 
the iron compact and the graphite die walls 
resulted in strong surface carburization above 


* Iron and Steel (1943-44) 17, 284. ; 

t+ Powder Metallurgy Inc., Long Island City 
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-to000°C., even if the contact was only for a 
_ short time. We hoped to obtain complete 
--consolidation of the iron compact before the 
melting temperature of cast iron was reached; 
e.g., 1140°C. Unfortunately, we failed in this 
attempt. Even the softest iron powder we 
could secure at that time made too rigid a 
compact at temperatures up to 1140°C. to 
be compressed into a completely dense body 
at those very low specific pressures permissible 
with the graphite die; e.g., 2 tons per sq. in. 
max. Not only was the consolidation in- 
hibited by the fact that in plain iron no liquid 
phase exists that would increase plasticity 
and shrinkage, as with cemented carbides, 
but the carburized surface caused additional 
resistance to plastic deformation of the com- 
pact. Thus the average density did not exceed 
about go to 92 per cent. 
_ Another peculiar phenomenon was that in 
surpassing the transformation of alpha to 
_ gamma iron some 10°, a marked stiffening of 
the compact and a greater resistance to de- 
_ formation under the operating pressure was 
_ suddenly observed. For a given pressure, for 
example, 2 tons per sq. in., a higher density 
was obtained when pressing at 880°C. than 
__ when pressing at 920°C. This increased rigidity 
was lost only at considerably higher tem- 
_ peratures—actually, only at temperatures 
in the order of 1100° or 1200°C. the same 
plasticity, and, therefore, density was obtained 
that could already be observed at a tem- 
perature just below the transformation 
_ temperature. 


J. J. Corptano.—These experiments were 
conducted as part of a master’s thesis and our 
main interest was in the physical properties 
of hot-pressed iron powders rather than obtain- 
ing data on die steels. We feel our choice of die 
steel was suitable for our experimental work 
in that the pressures applied were below the 

__ yield strength of the die material at the highest 
- pressing temperature. We realize, of course, 
thata number of other types of steels or metal 
alloys may be more suitable for the purpose, 
but we point to the fact that the results given 
in this paper are the first published informa- 
tion in this country, to our knowledge, on the 
mechanical properties of hot-pressed iron- 
powder specimens large enough to permit 
machining of tensile bars. 
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W. N. Pratt.*—The paper by Henry and 
Cordiano has once again pointed out the 
necessity for hot-press experimental work and 
has definitely shown the need for such equip- 
ment. However, a few things should be le 
to it; for instance: 

A neutral atmosphere is not always neces- 
sary. Additions can be made to the green 
compact or to the powder before loading into 
the die that will remove oxides at the sintering 
temperature and tend to maintain an atmos- 
phere that is not necessarily neutral in the die. 

I believe that a study should be made of 
temperature vs. compactability on the same 
specimen. This is easily done by measuring 
the amount of travel of the punch at varying 
temperatures during the same hot-pressing 
cycle. The figures achieved by this study are 
extremely important in forecasting the actual 
ability of a powder to be used in commercial 
hot-pressing. Usually it is easy to find the 
temperature at which the compact or the 
powder shows a very definite increase in 
plasticity. It is useless to use more than a light 
pre-load until this temperature has been 
reached. The pre-load should consist of just 
a few hundred pounds per square inch, used 
merely to keep the die in the closed condition 
and to follow the powder as it shrinks in the 
heating. When the temperature of plasticity 
has been reached, a final pressure should be 
applied rapidly in order to overcome friction 
on the die walls. 

One other fact should be brought forward 
at this point: High-temperature lubricants 
are available that prevent welding of the 
compact to the die wall. These usually consist 
of ground mica. The contamination of the 
surface by mica is not bad because no elec- 
trolytic couple is set up. 


J. J. Corprano.—It is our contention that 
it is necessary to maintain the neutral or 
deoxidizing conditions not only during the 
pressing operation but also during the cooling 
cycle. Metal-powder parts made to close 
tolerances are not of much value if they have 
pitted and oxidized surfaces. 

Mr. Pratt mentions that only a light pre- 
load is necessary until the temperature has 
been reached and then a final quick pressure 
application to obtain a hot-pressed part. 


* American Electro Metal Corporation, Yon- 
kers, New York. 


Our investigation was aimed at ore 
the effects of time at pressure and temperature 
on the physical properties of hot-pressed 
specimens. Our results show that variations 
in time at pressure and temperature show 
significant changes in the physical properties 
of the hot-pressed parts. 


ee 
practical, In a continuous hot-pressing: 


nite in the die Eanes or the ho’ 
specimens will have mica ogee embed 
their surfaces. v4 ; 


_ Hicu strength, high-conductivity cop- 
_ per-base alloys have found considerable 
- ___use in the resistance welding and electrical 
___industry in the form of castings, forgings, 
-_ or wrought products. There are a number 
of parts utilized by these industries which 
- would lend themselves to manufacture by 
- powder metallurgical methods provided 
the required physical and electrical proper- 
ties are obtainable with such methods. The 
- present paper describes the results of a 
study of certain copper-base powder 
a metallurgical products susceptible to pre- 
_ cipitation hardening. 


7a 


; CoppeR POWDERS 

The general types of commercially 
available copper powders are flake, spheri- 
cal and electrolytic. Micrographs of these 


nounced and obvious. The type of powder 
used is determined, or at least indicated, 
by the final properties desired in the 
finished article. The type of powder 
- employed during the present investigation 
« was electrolytic powder shown in Fig. 3, 
and was chosen because of its particular 
adaptability to the work described in this 


this powder are shown in Table:r. 
_ In the preparation of compacts of high 
electrical conductivity, the purity of the 


Manuscript received in the office of the 
Institute Nov. 20, 1944. Listed for New York 
Meeting, 1945, which was canceled, Issued as 
P. 1810 in MeETAaLts TECHNOLOGY, August 


= Pcasulting Engineer, P, R. Mallory and 

Company, Incorporated, Indianapolis, Indiana. 
+ Metallurgical Department, P. R. Mallory 

and Company, Incorporated. : 


paper. The screen and chemical analyses of . 


Notes on Copper-base Compacts and Certain Compositions 
Susceptible to Precipitation-hardening 


By F. R. HEenseL,* MempBer A.I.M.E., E. I. Larsen} anp E. F. Swazyt 
(Chicago Meeting, February 1946) 


copper powder is of importance in addition 
to other factors, such as density and the 
state of internal stresses. These variables 
were studied briefly by pressing a number 
of compacts to various pressed densities, 
sintering them for one hour in hydrogen 
at 975°C. and repressing. The size of the 
finished compacts was 14 by 34 by 8 in. 
The time interval from the application to 
the termination of pressure was approxi- 
mately 20 sec. Some of the compacts were 
annealed before testing. The results are 
listed in Figs. 4 to 8, inclusive. 


TABLE 1.—Typical Screen and Chemical 
Analyses of Electrolytic-copper Powder 


APPARENT DENSITY 
= 2.5 GRAMS PER C.C, 
CHEMICAL ANALYSIS, 
Per CENT 


Per Cent— 
Retained 


Mesh Size 


In Fig. 4 the curves of pressed density 
vs. compacting pressure, and sintered 
density versus compacting pressure show 
the typical direct relationship of pressure 
and density. Compacting pressures exceed- 
ing about 30 tons per sq. in. result fre- 
quently in expansion during sintering for 
the type of powder used. 

Fig. 5 indicates that variations in the 
initial pressed density within the range 
of about 5 to 6 grams per c. c., affect only 


- slightly the pressure required to obtain a 
S33 
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WDER. X 200, 
PER POWDER. X 200, 
3.—ELECTROLYTIC COPPER POWDER. X 200, 
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GRAMS PER oC. ©. 


DENSITY - 


PRESSURE- TONS PER SQ. IN. 


Fic. 4.— DENSITY OF ELECTROLYTIC COPPER-POWDER COMPACTS AS PRESSED AND SINTERED FOR ONE 
HOUR IN HYDROGEN AT 975°C. 


- GRAMS PER GC. C. 


DENSITY 


PRESSURE~ TONS PER SQ. IN. 


‘1G. 5. DENSITY OF ELECTROLYTIC COPPER-POWDER COMPACTS PRESSED. TO VARIOUS DENSITIES 
SINTERED ONE HOUR IN HYDROGEN AT 97 5°C: AND REPRESSED AT VARIOUS PRESSURES. 


HARDNESS — ROCKWELL  F 


DENSITY— GRAMS PER C GC. 


Fic. 6.—HARDNESS AS A FUNCTION OF THE REPRESSED DENSITY- OF ELECTROLYTIC COPPER 
POWDER COMPACTS PRESSED TO VARIOUS DENSITIES, SINTERED ONE HOUR IN HYDROGEN AT 975" 


AND REPRESSED. 


TENSILE STRENGTH-— PS! X 10° 


oe 


Arg Fig: 7—Tensn STRENGTH AS ‘A "PUNCTION OF ‘TH 
_ COPPER-POWDER COMPACT PRESSED a6 hinge DENSITIES SINTER: 
SER AND REPRESSED. 0 8) big. Soaet am pire: 


given repressed density after -sintering. 
The range of 5 to 6 grams per c.c. pressed 
density is convenient for commercial 
powder metallurgical applications. 


ELECTRICAL CONDUCTIVITY —% 1A.CS. 


- The direct relationship of hardness 
versus density, after sintering and repress- 
ing, is seen in Fig. 6. The influence of the 
- pressed density before sintering is note- 
worthy. The greater amount of cold- 
_ working received by the samples of lower 
jnitial density results in a higher final hard- 
ness when repressed to identical densities. 
_ From an examination of Fig. 7 it is 
evident that the initial (pressed) density 
before sintering and repressing has a 
rastic influence upon the ultimate tensile 


density, the ultimate tensile strength 
materially increases. Referring to Fig. 6, 
t will be seen that the differences in hard- 
ness do not indicate the wide spread in 
‘tensile strength values of the different 
pecimens recorded in Fig. 7. 
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strength. With decreasing initial (pressed) 
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In Fig. 8 the electrical conductivity is 


shown as a function of the final density. 
As might be expected, the material having 
the lowest initial (pressed) density has the 


8 
DENSITY — GRAMS PER C. CG. 
_ Fic. 8.—ELECTRICAL CONDUCTIVITY AS A FUNCTION OF THE REPRESSED DENSITY OF ELEC: 
_ TROLYTIC COPPER-POWDER COMPACTS PRESSED TO VARIOUS DENSITIES, SINTERED ONE HOUR IN 
_ HYDROGEN AT 97 5°C. AND REPRESSED. : 


lowest electrical conductivity, caused prob- 
ably by the greater amount of cold-work- 
ing necessary to repress it to a given 
density. 

Fig. 9 reveals the structure of a pressed, 
sintered and repressed copper compact at a 
magnification of 250 times. The grain size 
is small and no large voids are present. 

Summarizing the work on the copper- 
powder compact series, it may be said that 
the choice of the initial pressed density 
will be governed primarily by the physical 
properties concomitant with the initial 
pressed density. 


Hot-PRESSING OF COPPER POWDER 


The simultaneous application of heat 
and. pressure to metal powders in the 
preparation of compacts offers interesting 
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possibilities,’ but is seriously handicapped 
by early failure of the dies and the con- 
sequent accompanying expense. Generally, 
hot pressing is conducted at a temperature 


Fic. 9.—ELECTROLYTIC COPPER POWDER COM- 
PACT. X 250. 


slightly in excess of the recrystallization 
temperature of the metal powder or 
powders under consideration. The generally 
recognized advantages incident to hot 
pressing are those of high physical property 
values coincident with low applied pressure. 
In certain instances, physical properties 
may be obtained which are impossible 
to attain in any other way. 

Pressing within the temperature range 
of 25° to 600°C. indicated that optimum 
values of density and hardness were 
obtained at temperatures in the neighbor- 


hood of 400°C. A series of tests at this 


temperature was conducted, the results 
of which are illustrated in Figs. 10, 11, and 
12. Fig. 10 indicates the increase in density 
with compacting pressure and confirms 
the data previously reported by Goetzel. 
The density curve is almost at its maximum 
at a pressure of about 4o tons per-sq. in. 
and increases only slightly by a further 
increase in pressure to 65 tons per sq. in. 
Fig. 11 shows the relationship of hardness 


1 References are at the end of the paper. 


NOTES ON COPPER-BASE COMPACTS 


versus density. The hardness values of 65 — 
to 72 Rockwell B in hot-pressed copper — 
compacts with a density of 8.75 to 8.8 — 
or 97.5 per cent of the © 


grams per C. ¢., 
theoretical value of 8.93 grams per C. C., 


are higher than can be obtained in cold- 


worked wrought copper. 

Another interesting characteristic is thats 
the annealing temperature of hot-pressed — 
copper compacts is higher than that of 
cold-worked commercially pure copper, 
as shown in Fig. 12. There 
little loss in hardness up to an annealing ~ 
temperature of 300°C. For comparison, the 
softening of hard-drawn tough-pitch cop- 
per having an initial hardness of 46 to 51. 
Rockwell B, is plotted in Fig. 12. 


HEAT-TREATABLE COPPER-BASE 
CoMPACTS 


A series of compositions was studied to | 
investigate the susceptibility of precipita- *y 


tion hardening copper-base compacts to 


heat-treating after pressing, sintering and 


repressing. The following raw materials 
were employed: 


Copper powder, 150 mesh 

Nickel powder, 325 mesh 

Manganese powder, 325 mesh 

Cobalt powder, 325 mesh 

Copper-phosphorus alloy powder (15 per cent 
phosphorus), 325 mesh 

Chromium powder, 150 mesh 

Tin powder, 150 mesh 

Titanium-hydride, 200 mesh 

Beryllium-nickel alloy powder, 150 mesh 

Beryllium-cobalt alloy powder, 150 mesh 

Silicon powder, 325 mesh 


Mixtures of metal powders were made 
of the proportions shown in Table 2 and — 
blended in a ball mill for 8 hours. 


GENERAL EXPERIMENTAL PROCEDURE 


1. The first step was the compacting of 
small test buttons of each powder mix. The 
compacted test buttons were sintered, 


is very — 


AGS 
~¥, 


repressed, solution-treated and aged in ai 


accordance with procedures listed in 
Table 3. The results of this processing 
showed that all the alloys listed in Table 2 
responded to heat-treatment in varying 
degrees. 


TABLE 2.—Copper-base Alloy Compositions 
Used for Age-hardening Tests 
PER CENT 


g| 2 
gale. |S 

Sample g la 4/3 4, o 

Number # 9 Saline fe a 

shes & a o ge) ° 

2ai/o;a }m ° Oo 
L-1503 1.00 Balance 
L-1504 2.00 Balance 
L-1505 0.75 Mn } Balance 
L-1506 0.50 Mn | Balance 
L-1507 4.00 4.00 Sn | Balance 
L-1508 5.00 8.00 Sn | Balance 
L-1509 3.00 Balance 
L-1510 3.00 Balance 
L-1511 3.00 0.5 TiH2} Balance 
L-1512 2.0 Co Balance 
L-1271¢ Balance 
L-1271-A2 Balance 
L-1272 0.5 Si Balance 
L-1293¢ 2.5 Co Balance 


owders of eee and beryllium, or 
ium were used 


* Prealloyed 
_ nickel and bery 
2. The second step was the compacting 
of small test bars on which the electrical 
conductivity could be measured. 
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in pressing and repressing were of sufficient 
magnitude to produce a final density equal 
to 95 per cent that of the theoretical 
density for each alloy. It was necessary to 
carry out all high temperature heat-treat- 
ing operations (sintering and solution) in a 
hydrogen atmosphere. If either of these 
treatments was done in air, the alloys 
would not respond properly to the precipi- 
tation treatment because of the oxidation 
of all or a major portion of the precipitating 
constituents. 


EFFECT OF PRECIPITATION-HARDENING ON 
THE PHYSICAL AND ELECTRICAL 
PROPERTIES OF COPPER-BASE 
ComPaAcTsS 


The physical and electrical properties 
of the alloys listed in Table 2 are tabulated 
in Table 4. 

Tensile data were determined only on 
the more promising alloy compositions. 
Table 4 indicates that manganese-phos- 
phorus and nickel-tin additions to copper 
did not produce appreciable precipitation- 
hardening effects. Promising results were 
obtained with the addition of nickel-phos- 


TABLE 3.—Fabricating and Heat-treating Procedures for Precipitation-hardening Copper-base 
Compacts 


Aging atmosphere, air. 


~ The third step was the processing of 


compacts of sufficient size to allow the. 


machining of standard o.so5-in. diameter 
tensile test specimens. The pressures used 


Sintering and quenching atmospheres, hydrogen. 


Pressin Sinterin: . . Repressing uenching Aging 

Ailoy Pretdare. piers Selene Disssirs, ete Tempera- Agin, 
Number Tons per ture, Min. Tons per ture, ture, Time, Hr 

: Sq. In. Deg. C. Sq. In. Deg. C. Deg. C 
_ L-1503 30 975 60 40 975 450 16 
L-1504 30 975 60 40 975 450 16 
L-1505 30 975 60 40 975 450 16 
L-1506 30 975 60 40 975 450 16 
L-1507 20 850 60 40 825 310 16 
L-1508 20 850 60 40 825 ) 310 16 
L-1509 30 975 60 40 975 450 16 
L-1510 30 975 60 40 975 . 450 16 
L-1511 30 975 60 40 975 450 16 
L-1512 30 975 60 40 975 450 16 
L-1271 40. 975 30 60 950 450 16 
L-1271-A 40 975 30 60 875 450 16 
L-1272 40 975 30 60 950 450 16 
L-1293 40 975 30 60 975 450 16 


phorus, chromium, cobalt-phosphorus, and 
the nickel-beryllium and cobalt-beryllium 
alloy powders. The highest tensile prop- 
erties were obtained with the copper- 
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cobalt-beryllium compact L-1293. The 
greatest ductility after complete heat- 
treatment was noted in sample L-1512. 
The results of Krouse rotating beam 
fatigue tests on alloy L-1511 are shown in 
S-N curve in Fig. 13 and indicate a fatigue 
strength of 20,000 Ib. per sq. inch. 


TABLE 4.—Physical Properties 


Precipitation-hardening effects depend 
on the solution of the ‘addition agents in 
the copper matrix. Time, temperature, 
particle size, and type of particle are 
contributing factors. 

In alloy L-1293 it was found by chemical 
analysis that the finer particles of the 
cobalt-beryllium alloy contain a much 
higher percentage of the beryllium than do 


_ the larger particles. Because of the fineness 
of the particle size and excess beryllium 


content, it has been found that minus 325- 
mesh cobalt-beryllium alloy goes into 
solution better than the plus 325-mesh 
powder. 

The alloy L-1293 was susceptible to the 


_ formation of a soft shell completely en- 
casing the compact, which was caused by 
__ the partial oxidation of the beryllium for a 
depth as great as 44, in. Even though the 
_ hydrogen was purified by passing it over 
hot copper and subsequently dried by 


passing it through a moisture absorbent, 


and L-1512 were examined microscopicall} 


otherwise admitted into the furnace an ie 
combined with the beryllium at the surface : 
of the compact. : 

Detailed studies of the aging character 
istics did not reveal any phenomena | 4 
radically different from those of wrought 


Electrical . 
: Electrical 
be Elonga- pk ans Conduc- | Hardness rach e 
Alloy Number Strength, | pti, | Solution | tivityafter) as Re; | sotution 
peg an Lb. er. Per Cent Treated Aging, pressed, Treated 
Sac Ta in 2 In. PeuGent Per Cent | Rockwell Rockwell 
Oe LA.CS A.C:S. a 
Teveos, Nie P2Cu sages CER 30.0 22-B 25-F 
L-1504, Ni-P-Cu........ 45,000 4 21.0 40.0 19-B 
L-1505, Mn-P-Cu....... 24.4 44.1 33-B 
L-1506, Mn-P-Cu....... 32.2 55.6 44- 
L-1507, Ni-Sn-Cu....... ILh.7 12.8 42-B 
L-1508, Ni-Sn-Cu....... 7726 8.4 46-B 
L-1509, Cr-P-Cu........ 
Pens 10, Cr-P-Cits secre: 48,000 7 32.2 64.3 35-B 
L-1511, Cr-P-TiH2-Cu 52,000 8 32.5 69.1 38-B 
_ L-1512, Co-P-Cu........ 36,500 15 28.5 43.4 30-B 
L-1271, Ni-Be-Cu....... 52,000 7 ‘ 61.0 35-B 
L-1271-A, Ni-Be-Cu..... 39,400 5 52.0 35-B 
L-1272, Ni-Be-Si-Cu..... 61,200 a8 S505 35-B 
L-1293, Co-Be-Cu....... 78,200 3.2 41.0 35-B 


' 
alloys. It was noticed, however, that the 
compositions under investigation had a 
decreased tendency toward overaging. Thess 
alloy L-1293, for instance, retained a hard- 7 
ness of 45 to 5o Rockwell B after the fully 
aged compact was subjected to a one hour 
anneal at 725°C. 

The heat-treated compacts of copper- 
nickel-beryllium (L-1271) softened at con- 
siderably lower temperatures, a severe drop 
in hardness occurring at 500 to 525°C., 
after a one-hour anneal. The temperature _ Me 
at which softening occurred could be raised — Z, 
about 100°C. by the addition of silico’ i: 
(L-1272). ae 


~ 
e. 
‘ 


MICROSCOPICAL EXAMINATION 


Cross sections cut from the tensi 
specimens of alloys L-1504, L-1510, Lar 5I 


Alloy L-1504 (nickel-phosphorus-coppet 
had a large, well-defined grain structu 
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PRESSURE — TONS PER SQ. IN. 


"FG. 10.—DENSITY OF ELECTROLYTIC COPPER-POWDER COMPACTS HOT PRESSED AT 400°C, ELEc- 
_TROLYTIC COPPER POWDER MINUS 150 MESH. 


HARDNESS — ROCKWELL 


7 je ee: 85 9 


DENSITY — GRAMS PER ©. . 


11.—HARDNESS OF ELECTROLYTIC COPPER COMPACTS HOT PRESSED AT 400°C. TO VARIOUS 
DENSITIES. 


HARDNESS — ROCKWELL 


TEMPERATURE— DEG. C. 


& Fic. 12.—CoMPARISON OF ANNEALING CURVES OF COLD-DRAWN WROUGHT COPPER AND HOT- 
: ‘ PRESSED ELECTROLYTIC COPPER-POWDER COMPACTS PRESSED AT 400°C, AT A PRESSURE OF 65 TONS 
; PER SQ. IN. SPECIMENS HEATED ONE HOUR AT EACH TEMPERATURE. 
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MAXIMUM STRESS PSI. X 10° 
Po 
oO 


NUMBER OF CYCLES 


. Fic. 13.—S-N CURVE OF SAMPLE L-1511 FABRICATED IN ACCORDANCE WITH PROCEDURE SHOWN IN 
fan FIGURE I5. 


_ with excess phosphide in the grain bound- 
___ aries possibly caused by incipient fusion 
as seen in Fig. 14. The voids were small and 
well distributed through the sample. 


iy « 


- é 
Pace ee <i 


Fic. 14.—ALLoy L-1 


opper) had a somewhat irregular grain 
ructure showing extensive twinning. 
Only a portion of the chromium had gone 
into solution, Around each free particle of 
chromium there was evidence of diffusion 
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and oxidation. A typical structure is given 
in Fig. 15. 

Alloy L-151x (chromium-phosphorus- 
titanium hydride-copper) had a small, well- 


2 * w he hi 
SS, x is . éo.. ok 
fe MOORE CSA VAI, ES 


504 (2 PER CENT Ni; 0.5 PERCENT P; BALANCE Cu). Ercuant: NH4OH ++ H20:. 
X 300. 
Fic. 15.—ALioy L-1510 (3 PER CENT Cr; 0.1 PER CENT P; BALANCE Cu), EtcHant: NH,OH 
: + H202. x 300. 
Fic. 16.—Attoy L-1s11 (3 PER CENT Cr; 0.1 PER CENT P; 0.5 PER CENT TiH2; BALANCE Cu). 
EtcHant: NH,OH2 + H20. X 300. 
1G. 17.—ALLoy L-1512 (2 PER CENT Co; 0.5 PER CENT P; BALANCE Cu). ErcHant: NH,OH 
oak + H202. X 300. 


defined structure. The titanium hydride 
apparently produced a cleaner material 
relatively free from oxidation, as evidenced 
by Fig. 16. 

Alloy L-1512 (cobalt-phosphorus-copper) 
had a structure similar to that of alloy 


L-1s10. The presence of inclusions and of 
oxidation is evident from Fig. 17. 


COPPER-BASE COMPACTS CONTAINING 
PHOSPHORUS 


Because of the formation of a soft shell 
or layer on copper-alloy compacts con- 


TABLE 5.—Effect of Phosphorus on the Surface Hardness of cig agian ie = Copper-b 
Compacts 


Composition, per cent 
Cobalt 


Nickie) 2 sisyao, 5) 3 ated Maks aceFerate © a cae Spee RNS aes te 
Copper fr dal SON a et ey TANG OO ENG Pe resins 


_ Density, grams per c.c., after pressing at 30 tons per sq.in.... 


Sintered 1 hr. in hydrogen at 975°C. and quenched 
Hardness,* Rockwell 


_Repressed at 60 tons 


er sq. in. 
ardness,? Rockwell 


: Hardness, Rockwell, after aging 8 hr. at 450°C. 


taining beryllium, even though the com- 
pacts were sintered in relatively pure 
hydrogen, attempts were made to eliminate 


or decrease the thickness of this layer by 
the addition of phosphorus. 

iM Four alloys were studied, two containing 
copper, cobalt, beryllium and phosphorus, 


and two containing copper, nickel, beryl- 


__ lium and phosphorus. The results shown in 


_ Table s indicate: 

1, The addition of approximately 0.2 to 
0.3 per cent phosphorus greatly reduces or 
_ retards the formation of a soft shell. 
2, Phosphorus additions within the 


é “range tested do not adversely affect the 


precipitation hardening characteristics. 
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Copper compacts were studied and a 
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@ Hardness at-surface. 


rf preliminary investigation indicates that ae 


excellent physical and electrical properties 
can be obtained with age-hardening com-— 
positions containing chromium, cobalt an 
beryllium, or nickel and beryllium. T 
addition of small percentages of phospho: rus | 
and titanium hydride are beneficial in : 
such alloys. i 
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DISCUSSION 


The density-hardness curves are not open to 
criticism, but those of density-strength look 
suspicious. I cannot imagine that a compact 
of electrolytic copper might possess a tensile 
ws 0 : 

strength of 61,000 lb. per sq. in. for a density 
of 8.7 when hard-rolled copper with a density 
_ of 8.85 and over does not reach that figure. 

2. Fig. 8 too arouses doubt. Why should a 
test bar with a density of 8.7 have a con- 


ae 
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in conductivity cannot be due to a porosity of 
2.7 per cent. The assumption that a greater 
amount of cold-work used could account for 
this loss of conductivity is not based on facts. 
Cold-work does not reduce the conductivity 
of sound wrought copper by more than 2 per 
cent, and it is a badly cupped copper wire 
at has a conductivity of 96 per cent. 

3. The formation of a soft shell around all 
copper-base heat-hardenable alloys containing 
silicides or beryilides is not caused by the 
oxidation of silicon or beryllium. If this were 
so, the soft shel) would carry either silica or a 
silicate and it would be far more pronounced 
jn alloys of the Everdur and the .beryllium- 
‘copper type, but it never occurs in the latter. 
That soft shell caused me much worry 20 years 
ago, when I originated the heat-hardenable 
alloys of copper with silicides or beryllides. 
But it is not due to the oxidation, which could 
‘be prevented—merely to a migration of 
ilicon toward the deeper layers of any sample. 
‘The action of phosphorus consists in the 
reduction of the solubility of silicon and in 
this manner inhibits its tendency to migrate. 
In order to obtain Cu-Ni-Si compacts for 
“bearings, the authors sintered the first com- 
pacts for an hour in a hydrogen atmosphere 
and certainly had to wait till the latter would 
ool in the same atmosphere. Would it not 
‘be more rational to melt the alloy and execute 
the articles needed by the methods of precision 


sting? : 
‘Table 1 of the second paper gives among 
rs the measured values of elongation and 
a reduction. I used to think that the best 
ta the metallurgist might report or accept 
rould include elongations precise. within 
“per cent of the original length, and area 
"rec ms precise within 2 per cent of the 
original area. The authors, however, report 
yngation figures of 0.78 and even 0.977 pet 
EG it and area reductions of 0.227 and 0.228 per 
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ductivity of 84 per cent? A loss of 16 per cent - 
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cent. I wonder what calipers were used to 
obtain that precision. 


F. H. Crarx.*—I was interested in the 
remarks about rather high fatigue values for 
these structures, even though there is some 
porosity present. That seems to be a possi- 
bility with metal compacts. Even though 
impact values are low, the fatigue strength 
may be higher than in cast metals. The results 
of some recent fatigue tests obtained by 
bending strip on the Sonntag Scientific Cor- 
poration fatigue tester were as follows: 


Fatique 
Limit, Lb. 
per Sq. In. 
OFHC copper rolled and an- 
Mealed ete p naw Ges ee s 10,000 
Electrolytic copper pressed and 
sintered several times to ob- 
tain absolute density........ 11,000 


L. S. Buscu.{—There are any number of 
things that I could say, but we do have a great 
deal to do. As far as the copper bar with the 
high tensile strength is concerned, I know that 
the tensile strength was there, but as to the 
reason for it, I am not quite sure. It is the high- 
est one that we have ever made. We did get that 
straight line which leads to the high value on 
the curve. I am inclined to agree with the 
gentleman who read the comments that hydro- 
gen probably does account for the large drop in 
conductivity. However, remember, porosity 
does affect conductivity adversely as does 
hydrogen. It is quite probabie that the com- 
bination of the three would account for the 
large drop in that bar. We were able to prevent 
any soft shell on the copper-nickel-silicon and” 
phosphorus alloy by surrounding it with carbon 
or a carbon and sand mixture during sintering, 
and for that reason we were fairly certain it was 
oxidation that caused the trouble. However, 
Mr. Corson does have a very good case, because 
silicon does migrate toward the center of the 


bar. 
F. N. Runes. {—The question in my mind is 


whether the phosphorus is acting as a deoxi- 
dizer or whether it may itself account for the 


* Metallurgist, Western Union Telegraph 
Co., New York, N. Y era 

+P. R. Mallory & Co., Inc., Indianapolis, 
Ind. (Mr. Busch presented the two papers.) 

$ Carnegie Institute of Technology, Pitts- 
burgh, Pennsylvania. Ler 
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hardness that is preserved in the shell. Do you 
have an opinion on that question? 


L. S. Buscu.—As I said, we were able to 
prevent it entirely by surrounding it with 
carbon and sand. We examined the surface 
microscopically, very carefully, and it did show 
what we thought was evidence of a hardening 
due to the phosphorus alloy. I think undoubt- 
edly it is a factor in the prevention of the soft 
shell, but the author of the paper is inclined to 
stick to the oxidation theory. 


R. P. SerLic.—You mentioned the use of 
alloy powders. Did you make them by the 
fusion method or purchase them? 


L. S. Buscu.—I believe we purchased them. 


F. V. LENEL.*—Do you have any other figures 
on compressive properties of this material be- 
sides the modulus of elasticity in compression— 
figures like yield strengths in compression? 


L. S. Buscu.—As I remember, the ultimate 
strength in compression ran as high as 60,000 lb. 
per sq. in. and the yield point was, I believe, on 
the order of 20,000 to 30,000 lb. per sq. inch. 


F. V. Lenet.—Then, did I understand that 


the bearings that were prepared for the General 


Motors bearing testing machine were machined 
from blanks and had no steel backing? 


L. S. Buscu.—That is correct. 


F, V. Lenert.—And finally, have you made 
any test on an alloy that was made by conven- 
tional methods and have you any idea whether 
the good bearing performance of this material 
might be due to its being slightly porous or 


whether it is merely a function of the analysis? 


L. S. Buscu.—I can tell you that the regular 
cast and forged material with approximately 
the same analysis did not have the bearing 
properties that this material did. We think per- 
haps it might be due to the hard particles— 
similar action to the tin in babbitt plus the 
porosity that makes good bearing material. 


F. R. Henset, E. I. Larsen and E. F. Swazy 
(authors’ reply).—The authors considered a 
tensile strength of 61,000 lb. per sq. in. quite 
high for a compact of electrolytic copper but 
could, of course, only record the actual value as 


*Moraine Products Division, General 
Motors Corporation, Dayton, Ohio. 
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measured. Considered judgment of available 
literature concerning the tensile strength of 
hard-rolled copper and the effect of impurities 
upon that property makes it difficuit, however, 
to refute the values given in the paper. Hard-. { 
rolled copper reaches a tensile strength of i 
70,000 |b. per sq. in. with an oxygen content on Tt 
the order of o.o15 per cent. Table 1 in the : 
first paper indicates 0.25 per cent oxygen. | 

If we assume, as we must, that the copper is not 4; 


: completely reduced during sintering in hydro- ; 


gen, we can state that the residual oxygen has © 
the effect of increasing the tensile strength. It is 
also well known that zinc increases the tensile 
strength of copper, and Table 1 indicates 0.10 
per cent zinc. Contrariwise, iron in small 
amounts is known to exert a substantially 
immeasurable effect upon the physical proper- 
ties of copper, other than electrical conduc- 
tivity, and this element may therefore be 
disregarded. + 
The authors wish to point out that the cop 
compact noted as reaching a density of 8.7 
grams per c.c. and a tensile strength of 61,000. 
lb. per sq. in. as that having the lowest initial 
density and, therefore, receiving the greatest - 
amount of cold-work during repressing. ’ 
Mr. Corson’s discussion implies that a copper 
compact test bar having a density of 8.7 grams — 
per c.c. should not have an electrical conduc- 
tivity as low as 84 per cent. The authors accede 
that his remarks would apply to a “pure” — 
copper compact test bar. Attention is again 
directed to Table 1, wherein the chemical — 
analysis shows an iron content of 0.25 per cent. 
Wyman* gives the electrical conductivity of | 
wrought copper containing o.1 per cent iron in 
solution, as 75 per cent and the effect of small 
amounts of zinc upon this property as nil. The 
only conclusion that can be fairly drawn is that. 
a portion of the iron was precipitated from 
solution during cooling of the compact after 
sintering. Only by this device could the authors — 
have obtained even as high a conductivity as if 
that reported. 
Admittedly, the  soft-shell formation? 
copper-alloy compacts has not been thoroug! 
studied and Postulates only can be advinG 


horus-copper alloy compacts. In all cases, the 
hardness has increased to a maximum at 0.015 
in. below the surface. It would seem that such 
"an abrupt increase to maximum uniform hard- 
ness would be difficult to ascribe to a reduction 
in solubility of any of the other components by 
phosphorus. Similar results were obtained for 
_ compacts containing silicides. Oxidation, how- 
ever, can be abrupt and the authors found 
evidence of oxidation in samples examined 
icroscopically. 

‘The authors believe that oxidation is at least 
e major cause of the soft shell effect in com- 
acts containing easily oxidized elements. 

- Not only the copper-nickel-silicon compacts 
ut all compacts were allowed to cool in hydro- 
en after sintering. Most compacts are still 
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hardy technician who would flout laws of 
metallurgy such as those governing oxidation. 
The authors’ reason for not melting the alloy 
was based upon previous bearing tests of the 
cast and wrought alloy wherein they were 
unsatisfactory. 

It is the practice of many metallurgists to 
report elongation and reduction of area as the 
actual value measured, regardless of their 
magnitude. Other metallurgists reading such 
reports may then exercise their considered judg- 
ment in interpreting reported values. They 
could be reported as round numbers (of which 
zero is a good example) but many engineers in 
presenting technical papers prefer factual data 
rather than the popular science type. 

Micrometer calipers were used to obtain the 
precision noted in the paper. 


Silicide-hardened Copper Compacts for Bearings* 
By F. R. HEnseL,{ MemBer A.I.M.E., E. I. Larsent ann E. F. Swazyt 


Ab as 


(Chicago Meeting, February 1945) 


x EXPERIENCE has indicated that hard series of tests was made with variot 

a bronzes are not suitable for bearing addition agents, in order to decrease th : 
es applications where high bearing loads and rate of preferential oxidation, and it was 
a speeds are involved. It is the general found that phosphorus was most beneficial 
es _ practice to utilize softer materials for in this respect. After considerable experi- 
~ ‘these purposes, such as copper, lead, mentation, the following nominal com- 
3 silver, babbitt, Jead-base alloys, and position was accepted as standard: 2.4 
E. ne more recently aluminum-base alloys, pref- per cent nickel; 0.8 silicon; 0.3 ohosphoriial p 


Nene erably supported by a steel backing. balance copper. The physical properties) 
It was the objective of the present investi- and certain bearing properties of this all 
gation to study a new material produced are described in the present paper. 
by powder metallurgical methods sus- 
ceptible to precipitation-hardening. PREPARATION OF COMPACTS — 


eT hen 
au 
> 


a) 


Test MATERIALS Several methods of incorporating he 
hardening ingredient (nickel silicide) were 


ie ee d 
a Preliminary tests were etic , ic studied. Compacts formed from coppe os 
"i compacts containing: copper, nickel an nickel and silicon powders were found i 


me ate 


silicon in quantities sufficient to form 3 to 
5 per cent nickel silicide. It was found 
that this type of alloy was susceptible to 
the formation of a soft surface shell 
when sintered in tank hydrogen. The depth 
of the shell depended on the length of 
sintering time and sintering temperature, 
and varied in thickness from a few thou- 
sandths to as much as one eighth inch. 
This soft shell resulted from the preferential 
oxidation of silicon, thereby reducing the 
efficiency of age-hardening by the nickel 
silicide compound. The body of the sintered 
compacts below the soft shell could be 
precipitation-hardened to a hardness of 
70 to 85 Rockwell B, by quenching from 
goo°C. and age-hardening at 450°C. A 


to be inferior to those fabricated from 
prealloyed nickel silicide master alloys, — 
because of the rapid oxidation of ae 
silicon during sintering. 
The use of a prealloyed nickel silicide 
hardener containing 25 per cent silicon _ 4 
and 75 per cent nickel could be further | a 
improved by. preparing a master alloy, — 
incorporating nickel, silicon, phosphoru 
and copper, ee the ae ts nomin 


readily Paygaerets 


Sarreenne PROCEDURE 


The blended powders were pressed ; 
Manuscript received at the office of the P ae P Scot 
Institute Aug. 27, 1945. Issued as T.P. 1976 in 25 to 40 tons per sq. in., the pressu: 


METALS TECHNOLOGY, February 1946. dependi on the siz of the 
*U.S. Patents 2372202 and 2372203. P n8 : eran as of th a 

t peatallermices Soy Gon Ses compacts. ;. ee 
urgist, and Supervisor he iahaiee ngi- aS: 

- neering Dept., respectively, P. R. Mallory and Sintering was carried out in hy droge é 


Co,, Inc., Indianapolis, Indiana. or cracked ammonia atmospheres _ t 
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temperatures of 1000° to r1o040°C. The 
Sintering time was approximately one hour. 
ss _ The linear shrinkage occurring under these 
_ conditions varied from 2 to 4 per cent. 
The sintered density ranged from 7.74 to 
~ 8.1 grams per cubic centimeter and the 
_ hardness in the sintered condition varied 
ce EB icim 35 to 65 Rockwell F. The electrical 
Bee conductivity ranged from 19 to 22 per cent 
re ~1.A.C.S. Repressing of the compacts at 50 to 
Pt tons per sq. in. increased the density 
to 8.3 to 8.5 grams per cubic centimeter. 


— HEAT-TREATMENT 


Optimum properties were obtained with 
the following heat-treatment: (1) water 

© quench from 850°C. after a soaking in 
a onoxidizing atmosphere for 30 to 60 min.; 
(2) aging for 4 to 6 hr. at 450°C. in air. 


MiIcrROscOPICcAL INVESTIGATION 


_ Aspecial procedure was necessary for pre- 
paring samples for microscopical examina- 
tion to prevent the removal of nickel silicide 
particles by the polishing operation. The 


- £ Rough grind. 
2. Fine grind through No. ooo emery 


4. Fine polish on silk lap using No. 3 
polishing alumina. 

_s. Etch with potassium dichromate. 
6. Repolish on silk lap and re-etch. 
Fig. 1 shows the microstructure after 
e pressing and sintering. Free nickel silicide 
is evident in the grain boundaries and the 
darkening effect of the grains by etching 
also indicates that nickel silicide was 
precipitated within the grains. It was 
ed that the sintered compacts were 


free nickel silicide particles were 
sagt smaller and the microstructure 
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Fig. 2 shows the effect of quenching. 
The major portion of the nickel silicide 
phase that was precipitated within the 
grains before quenching has been taken 
into solid solution. Also, a portion of the 
nickel silicide contained within the grain 
boundaries has gone into solution. 

Fig. 3 shows the effect of aging on the 
microstructure. The grains were uniformly 
darkened as a result of submicroscopic 
precipitation of nickel silicide during aging. 
In comparing Fig. 1 with Fig. 3. the differ- 
ence between the precipitation as it occurs 
in cooling after sintering and precipitation 
and as obtained during aging is evident. 

Fig. 4 shows complex nickel silicide 
particles at a magnification of 500 diam- 
eters. The band across the particle, indi- 
cated by an arrow, had a blue-gray 
appearance when viewed under the micro- 
scope while the remainder of the particles 
were copper colored but were of a different 
shade than the matrix. The black areas 
adjacent to the particles are voids, some 
of which were the result of incomplete 
compacting, although it is believed the 
majority were caused by polishing. Micro- 
hardness tests were carried out to determine 
the hardness of the matrix and the nickel - 
silicide particles. The bluish constituent 
had a hardness of 851 V.P.N. Portions of 
the constituent having more of a copper 
color had a hardness in the neighborhood 
of soo V.P.N. This lower hardness un- 
doubtedly is due to absorption of copper . 
by the nickel silicide. In the center ofcam 
copper alloy grain in the heat-treated 
matrix the hardness was found to be 186 
V.P.N. By conversion this compares 
favorably with the over-all hardness of 
the compacts obtained using the larger 
penetrator and load of a standard Rockwell 
hardness tester. 


PHYSICAL PROPERTIES 


Coefficient of Expansion.—Fig. 5 shows 
an expansion curve, obtained on A.S.T. M. 
type of equipment, of a compact after — 


Fic. 3. FIG. 4. 

Fic. 1.—MICROSTRUCTURE AFTER PRESSING AND SINTERING. 
Sample No. D-1206-A. X 78s 

Fic. 2,—MICROSTRUCTURE AFTER QUENCHING. 

Sample No. D-1206-E. X 75s 
FIG. 3.—MIcRosTRUCTURE AFTER AGING. 
Sample No. D-1206-C. x 75. 

Fic. 4.—MIcROSTRUCTURE OF NICKEL-SILICIDE PARTICLES, 

Sample No. D-1206-F, X 500. 
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bea quenching from 850°C. and aging 4 hr. at were obtained. The copper powder used 
% 450°C. The specimen had a hardness of in the preparation of sample D-1206 was 
_ 75 to 80 Rockwell B and a density of 8.3. minus 300-mesh as compared with minus 


> 


grams per cubic centimeter. An incon- 200-mesh copper powder used in the 


RANGE °C 

21 - 100 

100-200 
200-300 
300-400 
400-500 
500-600 
600-700 | 
700-800. 21.2 


AVERAGE 
21-400 
400-800 


OTE: € IS THE THERMAL 
COEFFICIENT OF EXPANSION 
MEASURED AS CHANGE OF 
LENGTH PER UNIT LENGTH 
PER °C 


EXPANSION OF 4“ SPECIMEN IN INCHES X 10” 


TEMPERATURE * °G 


_ Fic. 5.—THERMAL EXPANSION OF PRESSED, SINTERED, QUENCHED AND AGED COPPER-NICKEL 
SILICIDE COMPACT. 


_ sistency in the expansion curve is apparent preparation of all other specimens. There 
at temperatures between approximately were indications that the fineness of the 
550° and 700°C. This inconsistency was copper powder has a direct bearing on the 
noted in a number of different specimens. density and tensile properties because of 
- Tensile Properties—Tensile properties its greater reactivity to diffusion alloying 
_ after heat-treatment are listed in Table x1 during the sintering operation. 
and the dimensions of the test piece are Compressive Strength.—Tests for the 
shown in Fig. 6. Ultimate tensile-strength determination of compressive strength 
4 values of 50,000 to 60,000 lb. per sq. in. were carried out at Battelle Memorial 


r " 


$5? 


Institute, by R. W. Dayton and E. M. 
Simonds. A special fixture was built to 
eliminate all nonaxial loads during the 
tests. This work indicated that compression 


3R. 


POLISH THESE SURFACES 
TO MIRROR FINISH 


" a 
8 44 


Fic. 6.—TENSILE-TEST SPECIMEN. 


tests are highly sensitive to misalignment 
but that when great care is taken sintered 
materials obeyed Hooke’s law. The fixture 
used is shown in Fig. 7. The plunger is an 


exceptionally close fit in the hole, to 


eliminate the influence of nonaxial forces. 
The spherically seated pads above the 
plunger and below the specimen helped to 


obtain good initial alignment. Two Tucker- 


man optical extensiometers mounted 180° 
apart were used on each specimen. Both 
employ a t-in. gauge length but have 
different calibration factors, one being 
readable to an accuracy of 4 microinches 
and the other to 8 microinches. The 
specimens used were approximately 154 ¢ in. 


oa Prope pte 
pecimen tiona imit, 
Sample No. No Limit, Lb. | Lb. pet 
per Sq. In. Sq. In. 
. Pe ay OE 

D-1205-C I 14,400 28,800 
D-1205-C 2 16,700 34,100 
D-1206-C 5 13,100 38,100 
D-1205-E 3 7,900 36,700 

_ D-1205-E. 4 9,200 28,800 


@ D-1205- C and D-1206-C, sintered, water-quenched | from 85 
_ repressed, mater-quenched from 850°C., aged 5 hr. at 450°C, 


SILICIDE-HARDENED COPPER compacts: ‘FOR BEARINGS _ 


cl ey ae 


Pee of each specimen were pointe 
nearly perpendicular to the axis and Bee lle 
to each other as possible. 


density and modulus of elastigy a 
compression as shown in Fig. 8. ) 

Fatigue Tests —The improvements made 
by the use of prealloyed powders were 
most strongly reflected in fatigue tests. a 
Fig. 9 shows the S-N curve of heat- 
treated compacts made from a mixture of © 
copper, nickel, silicon and phospho 
copper powders, while Fig. 10 shows the 
S-N curve for heat-treated compacts 
made from copper and prealloyed pow 
The endurnace limit of the mate 


Ultimate 
Tensile 

prreney 
Lb. 

Sa. 


Reduction 
of Area, 
Per Cent 


49,200 
_ 50,900 
55,600 
61,500 
$2,250 


o°C., aged 5 hr. at 450°C. D-1205- 


LOAD 


SPHERICAL SEA 


Fic. 7.— FIXTURE FOR COMPRESSION TEST. 


= 


Paes aN) 
~ bs 


LS A Rees Mi t 
_ MOD F ELASTICITY IN COMPRESSION- P.S.1. x 


3.—DENSITY VS. MODULUS OF ELASTICITY IN COMPRESSION FOR S. 
effet Ne es : COMPACTS. 
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ILICIDE-HARDENED COPPER 
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limit of the material illustrated in Fig. 
1o is 17,500 per sq. in., which represents 
a 75 per cent increase over that of compacts 
made from elemental powders. 


= 
. 


MAXIMUM STRESS 


TEST UIT [rales rac er crn ooh 


. Fic. 9.—ENDURANCE TEST ON KROUSE ROTATING-BEAM FATIGUE MACHINE. 
Material: Compact produced from a mixture of copper, nickel, silicon and phosphoric copper — 
powders. Pressed at 25 tons per sq. in., sintered in Hz at ro00° to 1025°C. Heated to 850°C. in Hz 
and quenched in water. Aged for 4 hours at 450°C. in air. 


ELECTRICAL CONDUCTIVITY 


The electrical conductivity of sintered 
test pieces having a density of 8 grams per 
c.c. varied from 19.5 to 21 per cent I.A.C.S. 
After repressing at 50 tons per sq. in. to a 
density of 8.3 grams per cm., the con- 
ductivity ranged from 20.5 to 21.5 per 
cent I.A.C.S. Quenching of the repressed 
specimen in water from 850°C. reduced the 
electrical conductivity to 14.5 per cent 
I.A.C.S. and aging for 5 hr. at 450°C. 
resulted in a pam of 23 to 25 per 


cent I.A.C.S. eames Sarno: 


BreaRinG TEstTs 


Amsler seizure tests were carried out at 


Battelle Memorial Institute on a material 
that was sintered, repressed, quenched and. 


0.003 in.- ddlaaraneeas over all. The roughn 


- at 
aged. The material had a Rockwell B 
hardness of 77 to 81. This preliminary 
test indicated that the material was con-_ 
siderably more resistant to seizure than 


i 


such alloys as copper-lead or tin bronzes. 
The material was then tested in the er 
Motors machine under conditions « 

considerable severity. Normally this ma- 
chine simulates automotive connecting-rod — 
service, but for these tests the load was — 
increased about so per cent so that it wa 
approximately midway between the loads 
of automobile and aircraft service. The © 
bearings were machined to 2.365 in. o.d. by 
1.992 in. id. and 1.28 in. long. The shaft 
on which the eee ran was of ae ad 


of the ground finish was 17 to 19 mic 
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_test. The speeds, loads and duration of CONCLUSIONS 


: test were as follows: .2 hr., 1725 ¥.p.m., The bearing-test results of heat-treated 
Be 540 lb. per sq. in. 3 hr., 2130 r.p.m., 840 lb. _copper-nickel silicide compacts were most 
per sq. in. 50 hr., 3550 r.p.m., 2300 lb. unexpected in that it was possible that so 


z UT RERRITliE mail 
Bisel UT Eee 
eo Nu ance i ott 
Feud | | [I eal Hill it ena 
EUs 

of _| TT cata = eee 


Bf Fic. 10.—ENDURANCE TEST ON KROUSE ROTATING-BEAM FATIGUE MACHINE. 
2 Material: Compact made from copper and prealloyed powders. Pressed at 25 tons per sq. in., 
_ sintered in Hz at ro00° to 1025°C. Heated in Hz 14 hour at 850°C., quenched in cold water. Aged 
4 4 hours at 450°C. in air. ; 


ala STRESS PSI. 


NUMBER OF REVOLUTIONS 


a per sq. in. Two types of materials were hard a bearing could be run at such high 
b tested, one that was sintered, quenched speeds and loads and that the shaft did 
and aged, having a Rockwell B hardness of not show excessive wear. Further tests are 
- 35 to 40 and a density of 7.74 grams per under way, which, it is hoped, will throw 
. c.c. and one that was sintered, repressed, more light on the facts discovered thus 
‘ Benches and aged, having a hardness of far. 
75 to 80 Rockwell B and a density of 8.4 
grams per C.C. The bearings ran through ACKNOWLEDGMENTS 


i: Saeco Pa ater i The authors wish to express their sincere 
Pe sort Sie us yee Gaae ae a gratitude for the assistance rendered by 
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: rightening was evident.at the high load P. R. Mallory and Co., cee: 
points, but there was little of the gouging DIS CUSSI ON 
Abat often occurs with copper-lead bearings 


on susie t that are not fully Beraene See page 544. 
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A Study of the Physical Properties and Microstructure 
of Sintered Steel 


By GrEorcE STERN,* JUNIOR MEMBER A. I. M. E. 
(Chicago Meeting, Feburary 1946) 


THE purpose of this investigation has 
been to study one method for making 
ordinary carbon steel by the powder 
metallurgy technique. This method con- 


Fic. 1.—ELECTROLYTIC IRON POWDER AS POLISHED. X 75. 


sists of pressing and subsequently sintering 
an intimate mixture of iron powder and 
graphite in a suitable atmosphere to pro- 
duce a steel. Two types of iron powder 
have been studied, electrolytic and reduced. 
The sintering of mixtures of loose car- 
bonyl iron and carbon black for several 
hours at 1000° to r100°C, (1830° to 2010°F.), 
followed by forging of the resultant ingots 
’ to bars, has been studied by Offermann.? 
Trail? has reported on the properties of 
Manuscript received at the office of the 
Institute April 8, 1946. Issued as T.P. 2045 in 

METALS TECHNOLOGY, August 1046. 
* Metallurgist, American Electro 


Corporation, Yonkers, New York. 
1 References are at the end of the paper. 
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hydrogen-reduced and electrolytic iron 
powders, both containing 0.5 per cent — 
carbon. Methods for making steel bodies 
by powder metallurgy have also been sug- 


gested by Goetzel,* who recommends the 
addition of steel powder of well-defined 
carbon content to pure iron powder, and | 
Volterra, who suggests compaction and 
subsequent sintering of a mixture of steel 
powder, iron oxide and iron powder. - 
Additional methods for making ste 
bodies by powder metallurgy have been 
reported in the literature by Koehring,® 


others. 10,11,12 q 

It is felt that the method of pressing + 
iron powder and graphite, as described 
herein, lends itself best to production be- 
cause of the lubricating action of th 
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easonably low pressures and practical selected for addition to the iron powder. 
d emperatures required. The properties of a typical batch of the 
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Fic. 2—ELECTROLYTIC IRON AND GRAPHITE. 
Physical properties vs. carbon content. Furnace-cooled from 2000°F. 
ELECTROLYTIC IRON PLUS GRAPHITE electrolytic powder are as follows: ' 
cme q Per CENT 
ie Raw M aterials pei Screen Analysis: 
order to obtain the best possible ab kets e 
a SAT OO. LEAR ety. Se aaa We eee 7.0° 
an attempt has been made to 
SaaS 5 see : S=EAO =P BOO eof slaps die se n> wie 28.5 
ork with the purest iron powder com- 
riearaen eens . "200 290i eyitre oh hE oie mite : 
ercially available. Toward this end, an Lae nar Sees 08 : 
t tic powder was selected. Other Bae Sh Rees, sat tiok 2a join pe GOOD | 
: gators!® have found a fine graphite 
. jer excellent for rapid diffusion into = —Total..........--- ont estas 100.0 
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. Apparent density.. 3.0 grams per c.c. (varies weight of graphite, respectively, and here- 
, up to 3.12) after referred to as mixtures I, II, III 
Flow:..:...'s°... «.+,.«1«; 26. - Sec. per So grams and IV. ; 


Hydrogen loss, percent; ; The powder was weighed out and 

. ee stag i fs sas ae mes tumbled for one hour for each mixture. No 
eee, os ; lubricant was added tc the powder mixture, 
3 Fig. 1 is a micrograph of this powder, as the die walls were thoroughly painted 


Say and shows that it consists mainly of with a solution of Sterotexin acetone. _ 


particles of irregular shapes, tending to- ‘ al 
Experimental Procedure and Results _ 


‘3 ward spheres, with few of the elongated ee 
Bh or platelike particles typical of most As a result of preliminary investigation 
electrolytic powders. the following processing schedule was 
3 Four mixtures were studied, containing — selected, since it was felt that the com- 
BS: 040., 0.65, 0.85, and 1.05 per cent by  pacting pressures and temperatures were 
E. 130 40 tae 
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Fic. 3.—ELECTROLYTIC IRON AND GRAPHITE 


she 
Physical properties vs. carbon content. Furnace-cooled from 2000°F., oil-quenched from r«: 
to 1575°F. Drawn at 600° to 800°F. eA sagt 


GEORGE STERN yack 559 


2 


commercially feasible: mitted, the steel formed would resist this 
ae 50 tons per square inch plastic:deformation. 

te Peres telus. ace. 6s 2000°F. for 15 minutes : 

me -Repress:.:.....0.... sotons per squareinch Mixtures I to IV Sintered in Cracked 


_ Resinter............. 2000°F, for 1 hour Propane in Presence of Lithium Salts 


. The first sintering for 15 min. permits (Latiiated Almosphere) 

oa the carbon to react with the oxygen in Cracked ammonia having a dew point 
ee the compact but does not allow for com- of minus 40°C. on entering the furnace 
plete diffusion of the carbon. Hence our was first used as a sintering atmosphere. 
‘material is more susceptible to plastic However, owing to opening of the front 
and rear doors of a push-type furnace in 
charging and discharging boats containing 
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‘ ; Fic. 4.—ELECTROLYTIC IRON AND GRAPHITE. ss 
hysical properties vs. carbon content. Furnace-cooled from 2000°F.,-oil-quenched from 155° 
I575°F . Drawn at 1300°F. 
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the samples, the dew point in the furnace propane, and by placing lithium salts, 
was actually much higher, causing excessive the boat carrying the charge as well 
decarburization. 

A detailed study was therefore made 
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Fic. 5.—ELEctTROLyTIC IRON AND GRAPHITE, ree 
_ Physical properties vs. carbon content. Furnace-cooled from 2000°F., water-quenched from 
1525°F, Drawn at 600°F, : eam 


* 


J ‘ 
7 7 
oh 


on a small push-type furnace, to determine 
whether a cracked propane atmosphere 
containing lithium vapors generated from 


Table 1 summarizes the results 
various ratios of air to propane in 
furnace with mixtures I, I, III and 


lithium salts could be adjusted to give a 
more closely neutral atmosphere. It was 
found that by using a ratio of 80 cu. ft. 
per hour of air to ro cu. ft. per hour of 


pressed at 50 tons per square inch 


*The lithium generator contains lithi 
salts heated to 1700°F., and the crackec 
Propane passes through the generator 
entering the furnace muffle, Pe 


TABLE 1.—Effect of Various Ratios of Air 
ia i to Propane 
Mixtures Pressed at 50 Tons per Square Inch 
E and Sintered at 2000°F. for One Hour 


Effect of 
Atmosphere 


Carburized, Mm. 


NHHOHHHH 
oOoOFOONMN 


Practically 
neutral 


Decarburized, Mm. 


HHHHOOOCO 
HRUNWaAb DD 


: well as in the lithium generator. 
_ All samples were single pressed in a 
die 3 by 5 in. and were reversed 180° 


Treatment 


cooled 


Pea ie ee 


uurnace-c 
Y.P.e 


er P. 
see 


when repressed. The final compacts were » 


TABLE 2.—Comparison of Mechanical Properties of S.A.E. and Sintered Steels* 
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approximately 5¢ in. high and a standard 
3 by o.250-in. diameter test bar with 1-in. 
gauge length was machined from each 
compact after heat-treatment for tensile 
testing, while a standard double Izod 
bar was machined for impact testing. 

Four types of heat treatment were 
performed: 

1. Samples were tested as furnace- 
cooled* after pressing, presintering and 
repressing. 

2. Samples were oil-quenched from 1525° 
to 1575°F. and drawn at 600° to 800°F., 
depending on the carbon content of the 
sample. 

3. Samples were oil-quenched from 1525° 
to 1575°F., depending on the carbon con- 
tent, and drawn at 1300°F. 

4. Samples were water-quenched from 
1525°F. and drawn at 600°F. 

The yield strength, tensile strength, 
elongation in one inch and reduction in 


* The boat containing the charge is pushed 
from the hot zone at 2000°F. to a nonheated 
part of the muffle at room temperature. The 
rate of cooling is actually faster than a true 
furnace cool. 


1060 1080 
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area are plotted versus carbon content reasonably close to those of plain carbon 


for each heat-treatment in Figs. 2, 3, 4 S.A.E. steels. The values for sintered steels 
and s. deviate on the low side from those of 


* 
kod 
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Fics. 6-9.—Mrxtures I, II, III anp IV As FURNACE-COOLED FROM SINTERING TEMPERATURE. 
X 200. Etcu Picrat. 
Fig. 6. Mixture I; C, 0.28 per cent. 
Fig. 7. Mixture II; C, 0.52 per cent. 
Fig. 8. Mixture III; C, 0.64 per cent. 
Fig. 9. Mixture IV; C, 0.87 per cent. 


Values were taken from these curves for S.A.E. steels more in the higher carbon ’ 


0.20, 0.40, 0.60 and 0.80 per cent carbon ranges (1060 and 1080). 
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contents and these values are compared 2. The elongation values for these : 
with data for 1020, 1040, 1060 and 1080 _ sintered steels approach the values ob- — 
S.A.E. steels in Table 2. tained with plain carbon S.A.E. steels for 
From Table 2 and Figs. 2 to 5, inclusive, the low and medium carbon range (0.20 
the following conclusions can be drawn: to 0.40 per cent C). ne 
1. Steels made from electrolytic iron In the higher carbon range (0.60 to — 


and graphite powders can be treated to 0.80 per cent C) the elongation values for — 
give yield strengths and tensile strengths sintered steels drop to about three fourths — 


¥ 


= 
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or less of the corresponding values for for the S.A.E. steels for the low and 
__ S.A.E. steels. This can be accounted for medium carbon range (0.20 to 0.40 per 
_ by the increased porosity of the sintered 
_ steels as carbon content is increased. 
_ This is due to the increased resistance to 


deformation after presintering as the 


TABLE 3.—Density for Mixtures (Average 
of Ten Bars) Pressed, Presintered, 
Repressed and Resintered 


_ carbon content increases. erie ore omnlveeaee cA vorane 
Table 3 summarizes the data on den- Mix-| Density, | Density, | Density, | Porosity, 
x J s ture| Grams Grams /Per Cent of| Per Cent 
sity after pressing, presintering, repressing per C.C. | per C.C. |Theoretical 
and resintering for steel compacts made : 
} I 7.85 heat! 96.2 3.8 
from mixtures I to IV. ace ieee ae Les oye ae 
3. The figures for reduction in area for ae ie ne pace a 
the sintered steels are about half those 


sis jc cone 2 . 
—Mrxtvres I, I, III anp IV FURNACE-COOLED, REHEATED TO 152 Be TOs T5754 
OIL-QUENCHED, TEMPERED AT 600° TO 800 FL 
2 Fig. 10. Mixture I; C, 0.28 per cent. X 200. Etch Nital. 
Fig. 11. Mixture II; C, 0.52 per cent. X 200. Etch Nital. 
_ Fig. 12. Mixture III; C, 0.64 per cent. X 1000. Etch Picral, 
> Fig. 13. Mixture IV; C, 0.87 per cent. X 1000. Etch Picral. 


Be 


-Fics.. 10-13 
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cent C). In the higher carbon range the 
reduction in area is about one fourth to 
one tenth of the values for S.A.E. plain 
carbon steels. This can again be accounted 
for by the results shown in Table 3. 
All sintered metals exhibit this low reduc- 
tion in area, and only by hot-working 
can the residual porosity be eliminated 
and figures for reduction in area brought 
up closer to those for regular metals. 

4. The impact values for the sintered 
steels are extremely low because of the 
residual ‘ porosity. Values for furnace- 


Fics. 14-17,—Mrxtores I, II, III anp IV FURNACE-COOLED, REHEATED TO 1525, 10 1575°F., 
OIL-QUENCHED, TEMPERED AT 1300°F. X tooo. EtcH PIcRAL. 
Fig. 14. Mixture I; C, 0.28 per cent. 
Fig. 15. Mixture II; C, 0.52 per cent. 
Fig. 16. Mixture III; C, 0.64 per cent. 
Fig. 17. Mixture IV; C, 0.87 per cent. 


cooled and oil-quenched samples are 
approximately as follows: 


Av. Izop Impact, 


C, Per Cent FT.-LB. 
0. 28 iS 
0.52 5 
0.64 3 
0.87 2 


In addition, the hardness values for the 
sintered steels as measured with a Rock- 
well machine were found to be low as 
compared with equivalent S.A.E. steels. 
This again can be explained by our residual 


_ porosity, which permits the hardened steel 
ball to penetrate to a greater depth. 
In addition, the complete absence of such 
_ elements as silicon and manganese in the 
sintered steels makes them much more 
sluggish in transforming to harder struc- 
tures on rapid cooling. 

Figs. 6 to 9 show porous steels with 
coarse-lamella pearlite caused by the com- 
paratively slow cooling rate in the non- 
heated portion of the muffle and the high 
purity of the steel. 

Figs. 10 to 13 reveal a much finer 


X 
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= Fics. 18-21.—Mrxtvres I, II, Ill a 
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pearlitic structure with fewer ferrite 
areas.* 

Figs. 14 to 17 show a _ spheroidized 
cementite structure due to the oil quench 
followed by a 1300°F. temper. This type 
of structure has higher elongation and 
reduction in area with correspondingly 
lower yield and tensile strengths. 

Figs. 18 to 21 show a very fine pearlite 
with decreasing amounts of ferrite as 
the carbon content increases. The water 
quench was not drastic enough to form 


martensite in the central portion of the 


Sherr Z 


Np IV FURNACE-COOLED, REHEATED TO 1525°F., WATER- 
er QUENCHED, TEMPERED AT 600°F. X 1000. Etc PICRAL. 

Fig. 18. Mixture I; C, 0.28 per cent. 

Fig. 19. Mixture IT; C, 0.52 per cent. 

Fig. 20. Mixture ITI; C, 0.64 per cent. 

Fic. 21. Mixture IV; C, 0.87 per cent. 
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test bar, even with the highest carbon 
content. 


RepucED IRON PLus GRAPHITE 
Raw Materials 


Several grades of reduced powder were 
investigated in combination with graphite. 


Fic. 22.—REDUCED IRON POWDER AS POLISHED. X 75. 


The results on all types investigated were 
far inferior to those obtained with electro- 
lytic iron plus graphite. The properties 
of the reduced iron powder that gave the 
best results were as follows: 


Carbonigs chicas teas ©. 24 per cent 

ig LOSS i. ckis Btw art ere 1.29 per cent 

Apparent density 1.99 grams per C.c. 

OW Ae ue eee aan Sec. per 50 grams 
PER CENT 


+100. o:-. 35 
= LOO te TAG perso s olen beans 20.5 
= TAD sf SOO ne ely ie wi ee 26.0 
SE BOO =t-$ 230 ete Vn, siai.nls Mra arabe’: 6.0 
= 239) 19 95% late sigs cree ins 16.0 
SOS Fi cae VER ree a GOO 
TOUA] € kisi wat atari erent 100.0 


Mixtures I, II, III and IV, containing 


respectively 0.40, 0.65, 0.85 and 1.05 per 


cent graphite, were made and bars were 
pressed in the same manner as the elec- — 
trolytic iron plus graphite. Fig..22 shows 
the structure of the reduced iron powder. — 


Results on Reduced Iron plus Graphite — { 
The physical properties for equivalent 
carbon contents are far inferior in the — 
reduced powder plus graphite. This is — 


illustrated graphically in Figs. 23 and 24, _ 
where the properties for a 0.30 per cent 
carbon steel are compared for reduced — 
powder plus graphite and electrolytic | 
power plus graphite. The treatments are 
specified by means of the following — 
symbols: 


P, press at 50 tons per sq. inch. ‘os 

S, sinter 2000°F. for 15 min. Cracked pro-— 
pane, ratio 80 to Io. 

RP, repress at 50 tons per square in. me 

RS, resinter 2000°F. for 1 hr. Cracked pro- | - 
pane, ratio 80 to Io. 

A, anneal 1500°F. for 30 min. Cracked pro- 
pane, ratio 80 to 10. 

D, draw 

WQ, water quench whe 

OQ, oil quench - 

6, density q 

HF, hot-forged after P, S, RP, RS. This was _ 
done by 10 reheatings and forgings in the — 
temperature range 2000° to 1600°F. The ~ 
bar was forged to 50 per cent reduction in 
area. After forging, the bar was normal- — 
ized at 1600°F. ; 


Ops user eo allt od aeRO Aelia ae Se 


me _By comparing Figs. 25 to 28 with Figs. 
~ 6 to 9, some understanding of the causes 
_ of inferior properties in the bars made 
E from reduced iron plus graphite can be 
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3. Large pores and oxide inclusions 
are present in the steel made from the 
reduced powder. This again is a char- 
acteristic of reduced powder even when 


YIELD STRENGTH & TENSILE STRENGTH X 103 


SSS 


' 


obtained. The differences in microstructure 
to be noted are: 

c= - r. The final carbon content of the 
a mixtures of reduced powders is in all 
cs ~ cases lower than that of the mixtures of 
ae electrolytic powder, because of the higher 
_ hydrogen loss for the reduced powder. 

2. The pearlite is not uniformly dis- 
tributed in the reduced powder. This is 
b because the oxide content of reduced 
powder is not limited to the surface of the 
- power particles but also occurs inside 
the particles, in a random and unpre- 
=: dictable manner. Thus in some areas the 
x graphite might be used up entirely in 
reacting with oxide inclusions and in 
other areas some graphite might be left 
ver after reacting with oxide inclusions 
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Fic. 2 3.— PHYSICAL PROPERTIES VS. TREATMENT, REDUCED IRON POWDER PLUS GRAPHITE, 


straight iron parts are pressed and sintered. 
In addition, the spongy particles of 
reduced powder have a tendency to spring 
back after deformation or to resist plastic 
deformation. This accounts for the lower 
density of bars made from the reduced 
powder, and the lower density plus the 
large number of large pores and oxide 
inclusions scattered through them at 
random account for the poorer physical 
properties of the mixtures of reduced 
powder and graphite. 


CONCLUSIONS 


Sintered steels can be made easily by 
the method outlined in this report. If 
made from electrolytic iron plus graphite 
these steels will have yield strengths and 
tensile strengths fairly close to those of 


568 


S.A.E. plain carbon steels, but will be 
considerably lower in elongation, reduction 
in area and impact strength. The residual 
porosity is responsible for the low ductility 
and poor impact strength. 
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These sintered steels can be heat-treated 
in exactly the same way as S.A.E. plain 
carbon steels, but greater care must be 
taken to have a neutral and dry atmosphere 
owing to the porosity and greater surface 
exposed to the action of the atmosphere. 
By heat-treatment the properties can be 
varied in much the same way as with 
ordinary steels. 


Fic. 24.—PHYSICAL PROPERTIES VS. TREATMENT, ELECTROLYTIC IRON A 


made from electrolytic iron plus graphit 
and having a final carbon content ranging ~ 
from 0.28 to 0.87 per cent C differs from ~ 
S.A.E. plain carbon steels, because the — 
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sintered steels do not transform to ; 
martensitic structure when oil-quench 
or water-quenched in the 5¢ by 5- | 
cross section studied. Other differences in 
microstructure are the greater porosity 
and a slight tendency toward abnormality 
in the samples slowly cooled from t 1e 
sintering temperature. This abnormal 

is in the form of coarse pearlite with an — 
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PRESSED, SINTERED, REPRESSED AND RESINTERED, REDUCED IRON AND 
GRAPHITE. X 200. EtcH PICRAL. 
Fig. 25. Mixture I; C, 0.14 per cent. 
Fig. 26. Mixture II; C, 0.27 per cent. 
Fig. 27. Mixture IIl; C, 0.36 per cent. 
Fig. 28. Mixture IV; C, 0.58 per cent. 


: Fics. 25-28.—TEST BARS, 
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II. 


DISCUSSION 
(R. P. Seelig presiding) 


W. T. Snyper.*—The author talks about 
carbon contents, and although he added 
graphite, I should like to know whether he is 
talking about combined carbon or total carbon. 
A second question is: in his heat-treated 
samples, those that he quenched both in 
water and in oil, he shows structures that 
are definitely pearlitic. I should like to know 
in what size sections he quenched them, 
because it is well known that in pure iron- 
carbon alloys in very thin sections or small 
sections, either a martensitic or a_bainitic 
structure is obtained. 


GEORGE STERN (author’s reply).—Graphite 
was added to our iron powders in making up 
the mixtures, but after our processing cycle— 
consisting of a pressing, a presintering, a 
repressing, and a final sinter at 2000°F.— 
all the carbon was definitely combined. 

In answer to the second question: the bars 
were 3 in. long and 5¢ by 5¢ in. in cross section. 
The bars were heat-treated in this size and, 
apparently owing to the high purity of our 
steels, pearlite was formed in the center of 
the cross section. Of course, the tensile bar had 
a 0.250-in. diameter, which represents the cen- 
ter portion of the 5¢ by 5-in. cross section. 


Joun Wutrr.{—The author of this paper is 


_ * Powdered Metal Products, Chicago, IlIli- 
nois, 

{ Professor of Metallurgy, Massachusetts 
Institute of Technology, Cambridge, Massa- 
chusetts. 


bon was present. Were any chemical t 


mental data presented. In his work, 
powders made from reduced oxide do not give ’ 
comparable results. Might not the results be 
just as good with reduced powders as wit ch 
electrolytic powders if the sintering cycle were — 
changed? Specifically, would not a longer heat- 
ing time at low temperatures ensure total 
reduction of residual oxides and elimination of 
deleterious gases before excessive shrinkage 
took place? 3 


GrorcE STERN.—Professor Wulfi’s sugges- 
tion is worth while, and should definitely be 
tried. ap 

It was in no sense intended to imply that 
reduced powders could not be used for high- 
strength parts. As a matter of fact, we have 
developed high-strength parts using reducedan 
powder. I cannot go into great lengths as to the © 
method used, but it consists of alloying with 
small percentages of copper and other element: 
We have been very successful in raising the 
physical properties of steels made from reduced 
powders by this method, and although residual _ 
porosity is still there, causing somewhat lowered _ 
values for elongation and reduction in area, our 
yield and tensile strength go up considera 
with the addition of COREY and several other 
elements. = 


F. H. Crarx.*—As I understand from th 7 
paper, the atmosphere used was entirely 
lithium atmosphere, was it not? 


GEORGE STERN.—It was a modification. 


F. H. Crarx.—Did you find any decarbala 
rization on the surface in this modified lithium — . 
atmosphere? Cracked ammonia atmospheres 4 
have been found very satisfactory for sinter- 
ing iron and graphite mixtures. The author’s 
claim that the specimens had low strength and ' 
low impact values might be due to porosity, 
but there is also the possibility that free car- — 


made to determine whether there was f. 
carbon in the specimens? 


GEORGE STERN.—It was necessary for u: 
make several modifications in the standard t 
of furnace in order to achieve satisfact 
results with a lithium atmosphere. A 


* Metallurgist, Western Union Telegray 
Co., New York, N. Y. 
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_ results reported were obtained by placing 
lithium salts on the boats carrying the charge as 
_ well as in the lithium generator. Table 1 shows 
how the ratio of air to propane that was con- 
sidered neutral was obtained experimentally. 
~ In regard to cracked ammonia, it has been 
found that this atmosphere has an exceptionally 
low dewpoint, and is therefore ideal in a closed 
___ system. However, in our experiments, we tried 
- to use a production furnace that employed 
opening and closing doors in order to charge and 
/ discharge the boats. This procedure raised the 
a _dewpoint of the atmosphere in our furnace, 
7 resulting in excessive decarburization. We 
- could, of course, get away from this decarbur- 
_ izing effect of the cracked ammonia when the 
- dewpoint was raised, by surrounding the 
- samples with a graphite shell. This graphite 
- shell should not actually be in contact with the 
samples, but gives the desired result of no 
~ decarburization. 
The poor impact and elongation obtained in 
the high-carbon series could not be attributed 
= ‘to free or uncombined graphite, because our 
a sintered samples had no free graphite. The 
3 density figures shown in Table 3 are a much 
more logical explanation for the lowered 
impact, reduction in area, and elongation 
: values obtained with the higher carbon series 
i. (mixtures III and IV). Our porosity increased 


e from 3.8 to 6.1 per cent as our carbon content 
- increased; that is, after presintering, our higher 


carbon materials tend to resist plastic deforma- 
ae 


tion more, resulting in lower density (higher 
3 porosity). 
a 


A. Squire.*—What was the particle size of 
1e graphite, and how did you go about mixing 
e graphite with the iron, to be sure there was 
‘uniform distribution throughout? Was uni- 
formity of structure obtained in the steel 
specimen? 


GEORGE STERN.—The graphite used was all 
-mesh material, but I do not know the 
~ exact particle size. The graphite was mixed with 
the iron powder by tumbling end over end in 
glass jars for one hour. This was followed by a 
ul hand-mixing on glazed paper. The 
lite was very uniformly distributed i in the 
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buted throughout the powder mixture. While it 
is true that the pearlite was not uniformly 
distributed in the steels made from reduced 
powder, this has been explained on the basis of 
random oxide location in the reduced powder, 
rather than on poor graphite mixing. 


A. Squire.—After you had repressed and 
repressed and resintered, was not the density of 
the bars less than the density of the electrolytic 
bars? 


GEORGE STERN.—In all cases far below. 


A. SqurrE.—In those cases, the lower tensile 
and lower ductility are attributable to a great 
extent to the lower density? 


GrorcE STERN.—Yes, I believe that is the 
explanation. 


F. P. Perers.*—I want to make a brief 
comment about the possible presence or absence 
of graphite. The puzzling lamellar pearlitic 
structure that you obtained after quenching 
indicates a material of lower hardenability than 
would be expected. This lowered hardenability 
could be the result of graphite formation, leav- 
ing insufficient combined carbon to produce a 
fully martensitic steel on quenching. On the 
other hand (carbon having less effect on harden- 
ability than do the conventional steel-alloying 
elements) the thickness of your samples may 
simply have been too great to harden through- 
out even if all the carbon was in the combined 
form. I wonder if there is anyone in the audience 
who knows offhand what the depth harden- 
ability would be of steel specimens of the size 
that Mr. Stern quenched and of the carbon 
content he presumes he had in the combined 


form? 


F. V. Lenet.t{—I would like to insert one 
thing in that connection. Did you heat-treat the 
material after it was machined or before it was 
machined? 


GrorGE STERN.—Before it was machined, so 
that the section was actually 5¢ by 5¢ in. The 
bars were used for making tensile bars and 
micrographs were taken of the }4-in. diameter 
reduced section. 


_* Materials and Methods, New York, N. Y. 
+ Moraine Products Division, General Mo- 
tors, Dayton, Ohio. 
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Aaron FINGER.*—On an extensive series of — 


alloys similar to these prepared with the 8485 
graphite, we ran chemical analyses and found 
that in 50 min. at rr00°C. there was no longer 
any uncombined carbon present. We went up in 
steps of 10 min., 15 min., 20 min., 30 min., 40 
min., all the way up, and conclusively, for our 
purpose, came to the findings that after 50 min. 
all carbon had combined. 

On other grades of graphite—finer grades— 
we found that complete combination took place 
in as little as 15 min. A procedure similar to that 
followed in this paper probably would not show 
up so well because we get the combination 
during presintering, thereby making the com- 
pact difficult to repress. Using the finer mate- 
rials, however, we got the values in the order of 
75,000 lb. per sq. in. by pressing once and 
sintering, which correspond to the values 


reported by Mr. Stern. 


I want to ask a question on elongation, 
because that is something we discussed at 
length. First of all, how did you measure the 
elongation? 


GrorGE STERN.—Thank you, Mr. Finger, 
for supplying this very interesting information. 
In our experiments, we had a presintering time 
of 15 min. at 2000°F. plus a second sintering at 
2000°F, of 60 min.; thus making a total of 75 
min. at 2000°F. Therefore, I think it is pretty 
definitely established on the basis of Mr. 


‘Finger’s observations that we had no free 


graphite in our final samples. 

As far as the elongation is concerned, we 
machined a tensile bar from our 5¢ by 5¢ by 
3-in. bar. This tensile bar had a diameter of 


_ 0.250 in. and a gauge length of 1 in. By means of 


a punch, we had two points exactly one inch 
apart on our gauge length. The elongation was 
measured by fitting the ruptured bar together 
and inserting dividers in the two punch marks. 


Aaron Fincer.—I found the figures star- 
tling. They are three to four times as high as we 
have found. 


GEORGE STERN.—Do you use a machined bar 
for your tensile specimens? 


AARON FINGER.—We use a flat tensile 
specimen. 


*Stevens Institute, Hoboken, New J ersey. 
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GEORGE STERN cairpere 4d is a great deal o 
controversy as to the relative merits 0 
machined tensile bar and a flat pressed te 
bar in the field of powder metallurgy. It is qu 
possible that if a flat pressed bar is wat 
quenched and drawn, it would no longe 
straight. This could easily result in lower 
elongation values in the pulling of such a bar. 
It is my opinion that it is easier to heat-trea 
more rigid bar, such as the one we used, and 
then machine it to form a tensile bar. However, 
I think it is up to the American Society for 
Testing Materials to decide on the type 
tensile bar to be used. I would like to see b 
adopted. 


C. G. GortzEL.*—I would like to commen 
briefly on the elongation. Apparently the ty 
of iron powder used has some effect on the cc 
pact’s ductility. Not every electrolytic i 


Mectrelyiie iron powder that very “recet 
made an appearance on the market, and | 
gave us better tensile strengths and elongati 
than had been previously experienced 
other electrolytic powders; so I feel one sho 
consider the type of iron powder as well 
graphite in judging the test results. 


F. V. Lenet.—I should like to emph 
somewhat more what Mr. Snyder said al 
the analysis of this material. Mr. Stern c 
the material steel, and of course, there 
similarity between the analyses of the allo 


all SAE steels contain a considerable amo 
manganese. If I remember rightly, most « 
steels that Mr. Stern used for comp 
purposes contained between 0.6 and o.¢ 


ness Mr. Stern referred to, but also in a I 
structure and in the strength values. _ 

T feel that the lower strengths of the hi 
carbon materials, the 60 and 80 carbon 
materials might be due to the a C 


*Electro Metals Corporation, | a 
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‘TABLE 4.—Comparison of Brinell Hardness Values of SAE and Sintered Steels 


1030 1045 1060 1080 


Treatment 


SAG! css 1 SARs) iGilisan 1 cein? || gap | oa 


CR, AOE TEP SORES OG cis ee a24 one x37 132 158 
pe ee I2 201 132 21 
. drawn 600°-800°F........ 223 134 277 146 293 eee cae ae 
pba ee 241 158 311 203 218 245 
ardenability between the anhenie materials MemsBer.—I fail to remember any mention of 


= SAE steels rather than to any other effect. _hardnesses. Did you include that in your paper? 


ae to this fact. The absence of . GEORGE SteRN.—Hardness values were 
nganese and other elements that might actually taken, but are not given quantita- 
‘ontribute to hardenability was mentioned i in _ tively in the paper. 


raid in my oral presentation. For MermBer.—In what order were they 
mple, | in the electrolytic i iron, we have no punched? 


SAE steels. I think that is a very seodttant _ GrorcE STERN.—I believe that the data in 


Table 4 will answer that question. 
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Nickel-iron Alloys Produced by Powder Metallurgy 


By LAauRENCE DELISLE* AND AARON FINGERT 
(Chicago Meeting, February 1946.) 


THE alloys formed by the addition of 
nickel to iron by conventional metallurgical 
procedures show physical properties that 
differ widely from those of the individual 
metals. The effect of alloying on the 
mechanical properties is most pronounced 
in alloys containing between 15 and 25 per 
cent nickel. The tensile strength of an 
alloy containing, for example, 20 per cent 
nickel and 80 per cent iron (with 0.06 per 
cent carbon), in an annealed condition, is 


above 150,000 lb. per sq. in.f owing to a 


martensitic type of transformation, as 
compared with about 50,000 lb. per sq. in. 
for pure iron in the same condition. The 
object of this work was to determine 
whether the same beneficial alloying effect 
could be obtained in alloys of iron and 
nickel prepared by powder metallurgy 
technique. 
PROCEDURE 


Bars and pellets for tension and com- 
pression tests, respectively, were made. 
Two groups of specimens were prepared: 
(1) by cold-pressing the powders and sinter- 
ing; (2) by cold-pressing the powders, 
sintering, repressing and resintering. 


Raw Materials 


Nickel powder supplied by Metals Dis- . 


integrating Co., marked MD-r151, was 


Manuscript received at the office of the 


- Institute Jan. 25, 1946. Issued as T.P. 2046 in 


METALS TECHNOLOGY, August 1946. 

*Research Fellow, Department of Powder 
Metallurgy, Stevens Institute of Technology, 
Hoboken, N.J.; for several years Research Fel- 
re for The International Nickel Company, 
nc 

t+ Research Fellow, Department of Powder 
Metallurgy, Stevens Institute of Technology. 

t Value given by Pilling and Brophy: Alloys 
of Iron and Nickel, 1. Alloys of Iron Mono- 
Rephe: New York, 1938. McGraw-Hill Book 
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_were mixed overnight on rolls, in 1 glas 


used. A typical analysis of this noe : 
was as follows: sulphur, 0.040 per cent; 
copper, 0.18; iron, 0.23; manganese, 0.002; 
magnesium, 0.0015; lead, 0.035; tin, 
0.025; silicon, 0.08; chromium, 0.008. 

Electrolytic iron powder supplied by, 
Plastic Metals Inc. was used. A repre- 
sentative chemical analysis for impurities ; 
other than gases, supplied by the vendor, 
gave the following results: carbon, o. 005 
per cent; manganese, 0.002; silicon, o. 0033, 4 
phosphorus, 0.001; sulphur, 0.004; nick el, 
0.008. 34 

The fractions from these powders pass 
a 325-mesh sieve were reduced in hydro 
at 600°C. for one hour, to clean the si 
faces of the particles. The reduced pow 
ders, slightly caked, were ground in « 
mortar and screened again through a 3 
mesh sieve. 


Mixing 
jars fitted with iron-wire baffles to brea 
aggregates of particles that might form. 


Pressing ; ae 


All specimens were compacted on 
draulic presses. The pellets were com- 
pacted i ina cylindrical die, 74-in. diduees 


and the tensile bars were: 


vr ¢ 
Mg 
_ For specimens pressed only once 50 
' First compacting of specimens 
- to be repressed............. 30 
_ Second compacting of speci- 
- mens already pressed (30 tons 

per sq. in.) and presintered. . “iS 


» 


Sintering 

__ All sintering was done in hydrogen that 
was first passed over heated copper coils, 
~ then through an activated alumina tower 


finally a P.O; tower for the removal of 

cygen and water. 

pecimens pressed only once were 

sintered for 3 hr. at r1oo°C. Specimens 
ssed and sintered twice were sintered 

st 14 hr. at rroo°C. and resintered, 
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Sintering was carried out in a tubular 
electric furnace. The specimens were 
heated with the furnace, kept at the sinter- 
ing temperature for the specified time, 
and brought out of the hot zone slowly. 
Cooling to room temperature required 
2 hours. 


‘Testing 
Compression.—The compression was ap- 
plied to pellets about 0.50 in. in diameter 


and 0.45 in. thick. The total load applied 
varied from 2000 to 20,000 lb. in incre- 


ments of 1000 lb. After each application of 


load, the pressure was released and the 
thickness at the center of the specimen was 
measured with a micrometer. 
Tension.—The bars were pulled on a 
mechanical tensile machine and_ their 


~~ 
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ultimate strength and elongation were 
recorded. Often the bars broke nearer a 
fillet than the center of their reduced 
section. Under such conditions it is difficult 
to obtain a true value for the elongation. 
However, the figures given in Table 1 
show the relative approximate ductility 
of the alloys studied. 


RESULTS 


The results are given in Table 1 and 
shown in the micrographs and graphs of 
Figs. 2 to 21. 


TABLE 1.—Mechanical Properties of Nickel- 
iron Alloys 


Yield 
Strength in 
Compression, 
Den- | Rock-| Ulti- | Elon- ts eo 
Per- | sity, | well mate |gation, TO 
cent- |Grams| B Tensile | Per 
- ageof| per | Hard-|Strength,| Cent 
Nickel] GC, | ness | Lb- per | in 1.5| 0.2 1.0 
Sq. In, In, Per | Per 
Cent | Cent 
Off- | Off- 
set set 
Bars Pressed and Sintered Once 
o | 7.14 6 33,700] 25.7 | I,000] 6,000 
DOLE F387 74 60,100 9.6 | 9,000'52,000 
lived ie} 81 71,700| 2.3 |55,000|\70,000 
20 | 7.3 85 84,100} 4.0 |42,000/66,000 
25 | 7.46 85 73,500] 4.7 |35,000|/62,000 
30 | 7.44 71 56,600 5.1 |20,000/46,000 
40 | 7.50 57 57,000| 9.7 | 8,000/30,000 
50 | 7.45 54 47,800 | 10.4 |13,000|26,000 
60 | 7.53 62 62,500] 10.3 |14,000/27,000 
70 | 7.66 65 46,500| 7.4 |16,000/27,000 
80 | 7.68 53 45,800] 6.7 |I2,000/21,000 
90 | 7.96 49 32,100] ... 8,000]17,000 
100 8.25 24 32,900] 10.1 | 1,000] 6,000 
Bars Pressed and Sintered Twice 
OF Hh Fe .0 |I1,000|14,000 
Io | 7. .8 |27,000'55,000 
+ IY or +3 |42,000|70,000 
20. Ne 7s +4 |52,000/85,000 
AS AK -4 |47,000|70,000 
SOM Fs +3 |36,000 57,000 
HOM as 7 23,000'35, 000 
50.1.7. -3 |17,000'31,000 
GO) 77, .0 |26,000 35,000 
a) i -I |29,000 35,000 
80 8. +3 |25,000 30,000 
90 ea +5 |10,000,23,000 
‘ +7 


3,000)12,000 


¢ The deformation in compression was recorded as 
described under testing. The values given in this 
table were interpolated. The low values may be con- 
siderably in error. However, the differences in the 
values due to composition are so striking and so 


large in comparison with the possible error in calcula- 


tion that it seemed worth while to report them. The 
aay ay values generally follow the trend ex- 
ibited by those for tensile strength in Fig. 19. 


Microscopic Examination — 
Specimens pressed and sintered 


pressed and sintered twice and the porosit, é 
is more uniformly distributed in the latte r 
than in the former. RS 

All micrographs illustrate the structur 
of samples pressed and sintered twice. Figs. 
3, 4) 5, 6 and 7 (magnification: 200 diame- 
ters) show the effect of etching one nine 
with 1 per cent nital. The grain size of the 
specimens containing nickel is much smaller 
than that of the samples made of pu on. 
The amount of iron-rich constituent 
tacked by 1 per cent nital in one mit 
decreases as the nickel content inc ses, 
until when that content reaches 70 per cen! at 
no etching at all is obtained. The iron-rich 
constituent seems to form a cont 
pattern in the specimens containing 1 
cent nickel. Such a continuity is bro! 
when 20 per cent nickel is present. Figs. 
9 and ro show the structure, at a n 
cation of 500 diameters, of the s 
containing respectively 15, 20 and 
cent nickel, also etched one minute 
I per cent nital. Some grains ha 
acicular structure. . Be : 

Merica’s reagent (glacial acetic aci 
concentrated HNOs) attacked the 
men made of pure nickel readily (Fig. 
but it had no effect on the nicke ; 
samples nor on the nickel-rich constituer 
of the iron-rich samples. Grard’s re: 
did not give any better results. A r 
containing 25 c.c. HNOs;, 2 5¢ 
and 25 c.c. HxO produced a satisfacto 
etching of the specimen containing Jo 
cent nickel by flooding for 3 min. : 
The time of Reta had to bea 


hie: afte ae I “per cent 
to the specimens containing 
per cent nickel. In that es ee 
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“geneous structure; the specimens poorer 


in nickel are heterogeneous. In Fig. 13 
(15 per cent nickel), the nickel-rich core 
is clearly visible. Its grains have an irregular 
boundary and are surrounded by an un- 


etched zone, which stains easily. The 
specimen shown in Fig. 14 (20 per cent 


‘ nickel) was attacked more readily. The 


ah nickel-rich core is smaller and its few grains 


conn MR aS 3 
Fic. 4.—10 PER CENT NIC 
FIG. 5.—20 PER CENT NICKEL, 80 PER CENT IRON. 
Fic. 6.—30 PER CENT NICKEL, 70 PER CENT IRON. 
FIG. 7.—50 PER CENT NICKEL, 50 PER CENT IRON. 

X 200. ETCHANT, I PER CENT NITAL. 
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have an angular boundary. The grains of 
the other constituents are much more 
irregular. 

Figs. 15 and 16 are photographs of the 
powders used. 


1 ace oe, ny 


KEL, 90 PER CENT IRON, 


DISCUSSION OF RESULTS 
Density (Figs. 17 and 18) 


The general trend is an increase in 
density with the nickel content, before 
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IRON. 
X 500. ETCHANT I PER CENT NITAL. 


, 85 PER CENT FIG. 9.—20 PER CENT NICKEL, 80 PER CENT FIG. 10.—25 PER CENT NICKEL, 75 PER CENT 
IRON. 


TRON. 


lic. 8.—15 PER CENT NICKEL 
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and after sintering. However, the change The density increases for all com- 
is not linear and, in some cases,a specimen positions when the. compacting pressure 
richer in nickel is less dense than one is increased from 30 to 50 tons per sq. in. 
poorer in nickel treated in the same way. For all compositions, it also increases on 


Fic. 12.90 PER CENT NICKEL, 10 PER CENT IRON. 
X 200. ErcHANT, 25 c.c. HNOs, 25 c.c. HCl, 25 c.c. H20. 
Fic. 13.—15 PER CENT NICKEL, 85 PER CENT IRON. 
Fic. 14.20 PER CENT NICKEL, 80 PER CENT IRON. 
X 500. ErcHant, 25 c.c. HNO; + 25 c.c. HCl + 25 c.c. H.0. 


e E i 

It is noticeable, for instance, that speci- sintering as well as on repressing and 
nens containing 10 per cent nickel, pressed _resintering. 

‘and sintered twice, are not as dense as The same general trend in the relation 

specimens made of pure iron under the of the density to composition is observed 

“ same conditions. s with the pellets as with the tensile bars. 
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In the former, however, the values seem 
more erratic. This difference in the behavior 
of the two types of specimens may be due 
to the difference in their thickness. The 
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20 per cent nickel, pressed and sintered 
twice, attains 106,700 lb. per sq. in. as 
compared with 39,200 and 47,500 lb. per 
sq. in. for the bars made of pure iron and 


Fic. 16.—NICKEL POWDER, 325-MESH FRACTION. X 200. ETCHANT, MERICA’S REAGENT. 


pellets are much thicker than the tensile 
bars and the effect of the slight flow of 
powders in compacting is probably more 
appreciable in these thicker specimens. 
A lower degree of uniformity in the dis- 
tribution of the pressure may be expected 
to cause a corresponding lack of uniformity 
in the results. 


Tensile Strength (Fig. 19) 


There is a sharp increase in tensile 
strength as the nickel content is increased 
from o to 20 per cent, followed by a sharp 
decrease to 30 per cent nickel. The tensile 
strength of the alloys richer in nickel varies 
to a lesser degree with the composition. 

The peak value for the tensile strength 
as the nickel content reaches 20 per cent 
is observed in both groups of specimens, 
in those pressed and sintered once as well 
as in those pressed and sintered twice. 
The tensile strength of the bars containing 


pure nickel, respectively, under the same 
conditions. The tensile strength of the 
bars of the same composition pressed 
and sintered only once is 84,100 Ib. per 
sq. in., which compares with 33,700 and 
32,900 lb. per sq. in., respectively, for the 
specimens made of pure iron and pure 
nickel. 

Repressing and resintering generally 
increase the tensile strength. 


Yield Strength (Fig. 19) 


The effect of the nickel on the yield 
strength of the alloys in compression is 
similar to its effect on the tensile strength. 
A peak is observed also in the composition 
rarige 15 to 20 per cent nickel. Further 
additions of nickel cause a sharp decrease 
in the yield strength to 40 per cent nickel. 
The effect of the addition of nickel is 
much less pronounced in the alloys richer 
in that metal. 


Hardness (Fig. 19) 

The curves showing the relation of the 
a hardness to the composition follow the 
__ same trend as those relating the tensile 


REPRESSED 75 TSI. 
$2: SAME AS P75 RESINTERED 
4100°C. 3HRS. 
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yield strengths to the composition. 
A maximum is observed also at a nickel 
nt of 20 per cent. The specimens 
ed and sintered twice are harder than 
pressed and sintered only once. 
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Elongation (Fig. 19) 
Generally the relation of the elongation 
to the composition is the reverse of that 
of the tensile strength, the yield strength 


Bpceeee, 


DENSITY : G./C.C. 


60 80 90 100% Ni. 


Fic. 17. reo AND COMPOSITION, TENSILE BARS. 


and the hardness. The elongation of the 
specimens pressed and sintered twice is 
the same as or greater than that of the bars 
pressed and sintered once. 
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Microstructure attacked under the same conditions. As — 
Alloys containing 50 per cent nickel the nickel content is increased the amount 
or less are heterogeneous after the treat- of iron-rich constituent etched by 1 per 
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40. 20. 30 40 50 8090 100 “eNi 
Fic. 18.—DENSITY AND COMPOSITION, PELLETS. a 
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: A iag *. 
ments employed. They show an iron- cent nital in one minute decreases Fie, 
rich constituent that is etched in one 4 to 7); specimens containing more than 
minute with 1 per cent nital as well as a 50 per cent nickel are not etched at all L 
nickel-rich constituent that remains un- in that manner. Specimens containi n, 1B 
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586 NICKEL-IRON ALLOYS PRODUCED BY POWDER METALLURGY _ 


70 and oo per cent nickel require a strong 
reagent for etching (an aqueous solution 
of HCl and HNO;). They are practically 
homogeneous (Figs. 
high-nickel alloys, as well as the nickel- 
rich cores of the specimens rich in iron, 
remained unattacked by a mixture of 
glacial acetic acid and nitric acid under 
conditions that produced etching of the 
pure nickel specimens. 

A solution of nitric and hydrochloric 
acid had also to be used to etch completely 
the alloys containing 20 per cent nickel. 
The alloy containing 15 per cent nickel 
was not etched completely (Figs. 13 and 
14). Both alloys stain readily, especially 
the one containing 15 per cent nickel. 


formation products and the heterogeneity 
of the specimens are probably responsible 
for this uneven etching. 


CONCLUSIONS 


This work shows that with both con- 
_ stituents in the solid state diffusion has 
proceeded to a large extent. This state- 
ment is proved by: (1) the physical 
properties, which are not intermediate 
between those of pure iron and pure 
nickel but follow the same general trend 
as those of the alloys made conventionally, 
and show critical values in the range 
15-20 per cent nickel; (2) the micro- 
‘structure, which shows that no pure iron 
is left in the specimens containing 70 and 
go per cent nickel and that the amount 
of that metal in the specimens poorer 
in nickel is much less than would be present 
had no diffusion taken place. 
It is evident that essentially carbonless 
_ alloys of substantial strength can be made 
by pressing and sintering appropriate 
mixtures of nickel and iron powders. 
_ The 20 per cent nickel, 80 per cent iron 
alloy showed the highest strength, 106,000 


Ib. per sq. in., and 4.3 per cent elongation 


after pressing and sintering twice. This 


high strength is probably a reflection of 


Ir and 12). These’ 


The presence of martensitic type trans-_ 


percentage of extreme fines of carbonyl nickel 


the gamma to alpha transformation 
the nickel-iron system, which produces a. 
substantial increase in strength even in| 
low-carbon alloys. The effect of carbon in 
strengthening sintered and heat-treated 
nickel-iron alloys also has been studied © 
and will be reported shortly. A comparison - 
of the properties obtained by mixing the 
component elements and _ sintering to 
effect diffusion with those resulting from. 
pressing and sintering alloyed powders — 
offers a field for future investigation. = 


| 
| 
| 
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DISCUSSION eo 
(W. R. Toeplite presiding) = i 


Joun Wutrr.*—On ‘the curves it seemed _ a 
that the 20 per cent nickel addition gave the 
best mechanical properties. In looking over an 
your data, it occurred to me that perhapsa small | 
for example, might improve the a cal 
properties of the sintered compact. 


AARON FINGER (author’s reply) Tbe is ete 
belief that the high values of hardness 2 
tensile strength when the nickel content 
between 15 and 20 per cent are primarily a 
function of the composition. Investigat rss 


* Professor of Metallurgy, Massachu 
Institute of Technology, Cambridge, 
chusetts, co 


whose work was reviewed by Marsh* reported 
that alloys in the same composition range made 
by conventional methods showed similar 
marked increases. According to published 
works, the increase in strength is due to the 
presence of a martensite-like constituent that 
results from the gamma-alpha transformation. 
Tf we had used-carbonyl nickel, it is possible 
that higher values would have been obtained, 
- but the maximum would still occur when the 
nickel content is between 15 and 20 per cent. 


Joun Wutrr.—I agree in general with the 
_ author that the alloy composition is the salient 
factor in producing compacts of such good 
mechanical properties. My previous remarks 
pertain primarily to the more rapid diffusion 
possible when extreme fines are employed. 


Be. R. P. Seetic.{—I think the authors ought to 
be congratulated on their excellent and very 


thorough study of this iron-nickel system. I 


= 
- __ happen to know they have done some work on 


___ the nickel-copper system, and I wonder if they 


Be would care to say anything about it, for 


comparison? 


a 


Aaron Fincer.—The work on nickel and 
copper was done independently of the work on 
nickel and iron. Its purpose was to get some of 
the properties of Monel metal and cupronickel. 
__ As we added nickel to pure copper, however, the 

_ physical properties were not materially im- 
proved, nor was there any particular range of 
composition in which a marked change was 
noted. In general, with the exception of the 
De high-nickel compositions, the addition of nickel 
to copper did not improve the properties of the 
latter. Even repressing, or repressing and 

sintering, did not cause any outstanding 
mprovement. In the alloys of iron and nickel, 
mn the other hand, remarkable changes in 
roperties were produced by varying the com- 
yosition alone. It is possible, of course, that 
loys of copper and nickel with better proper- 
ies could be produced with different powders. 
The change in properties of the iron-nickel 
lloys with composition differs from the change 
‘produced by the addition of copper to iron. 

The properties of the former alloys are due 


Miciel. T.s AS. Me 


1938. McGraw-Hill 


Alloys of Iron and 
j New York, 
ok Co. 


Powder Metallurgy Incorporated, Long 
d City, N. Y.; American Electro Metal- 


ical Corporation, Yonkers, New York. 
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to the mutual diffusion of the constituents in 
the solid state; the latter material owes its 
strength to the brazing action of the copper, 
which melts during sintering. 


F. V. Lenet.—Do I understand that you 
attribute some of the good properties to the 
incomplete diffusion of the iron and nickel? 


AARON FINGER.—Nod, it is not a question of 
incomplete diffusion, because the alloys made 
by casting, in which the metals may be assumed 
to be intimately mixed, show the same effect of 
composition. The properties probably are due 
to a martensite-like structure that forms during 
the gamma to alpha phase change. 


F. V. Lenet.—Have you investigated the 
cause of the variation of time and difference of 
sintering time on the properties? 


Aaron Frncer.—No, we did not do that. 
However, we prepared steels containing nickel, 
sintering them for one hour only. We added up 
to 7 per cent carbonyl nickel and obtained 
tensile strengths of the order of 110,000 to 
115,000 Ib. per sq. in. without heat-treating. 
The microstructure consisted of cores of 
martensite in a matrix of ferrite and pearlite. 


GEORGE STERN.*—The author mentioned 
that future work would include work on pre- 
alloyed powders, and I have a question to ask 
about this. We have tried using a prealloyed 
powder, essentially 50 per cent iron, 50 per cent 
nickel. In regular wrought materials this com- 
position can be annealed and rendered quite 
soft. However, we have tried pressing this mate- 
rial in the as-received condition, and as an- 
nealed, and the pressing and sintering of these 
prealloyed powders could be accomplished only 
with great difficulty. I wonder if the authors 
have had any experience with this 50-50 Fe-Ni 
alloy? 


AARON FincER.—No, we have not used that. 
A different nickel powder might give better 
results. Commercially available powders were 
used so that the work could be repeated at any 
time. Nickel from Metals Disintegrating Co. 
(MD-151) and electrolytic iron from Plastic” 
Metals were used. We have not used prealloyed 
powders in this work at all. 


* American Electro Metals Corporation, 


Yonkers, New York. 
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Effect of Rolling and Annealing upon the Crystallography, 
Metallography, and Physical Properties of Copper Strip 


By Witi1am M. Batpwin, Jr.* 


a (New York Meeting, February 1942) 


& _ WELL known to every metallurgist isthe should not be dismissed as being too im- 
_ fact that different production schedules will practical, for the crystallographic condition 
_ profoundly affect the character of annealed existing within the metal is a principal in- 
_ metal strip. Yet the number of conditions fluence upon both the external mechanical 
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‘1.—SCHEMATIC “MAP”? OF CRYSTALLOGRAPHIC BEHAVIOR OF COPPER WHEN VARIOUSLY ROLLED 
: ; AND ANNEALED, 


may be wrought by different combina- _ properties and the behavior of the material “{ 
tions of rolling and annealing schedules is when it is subjected to such operations as et 
o myriad that despite the continual re- bending, flanging, drawing, and so forth. Mer 
-ch that is being applied to this subject, : fet 
complete picture is not yet known. Errect OF ROLLING AND ANNEALING UPON 
pper, like all other metals, during the THE CRYSTALLOGRAPHY OF COPPER STRIP 


of rolling or annealing, develops cer- The most salient points in the crystal- 
tallographic configurations which -lographic reactions of polycrystalline cop- — 
- per to rolling and annealing may be best 
T. P. 145sin Metats represented graphically by a “map” such > 
TIONS volume in 1942 Wel. 147) by as that given in Fig. r. : z 

esearch and. : Siete ; = 
Cyr Sie Nee 1. As copper strip is cold-rolled from a 
fotallurgist, Cleievaend, Ohi.” randomly oriented structure (pole figure I), 
SRE of te Vala ie Stee Meg | < 


Ben kD dep ORTON | ate hee ee ee SEARED ea 
By ; oie Fe Paes! SERENE Da Paes a ire Pes, . 
Poe ; PEE eee A i Le 
“ae 592 EFFECT OF ROLLING AND ANNEALING UPON COPPER STRIP 
en : ; Yi yo 


3 a. a preferred orientation is built up within 
a, the metal, which, when the sheet is se- 
= verely cold-rolled, becomes quite character- 
se istic and clearly defined. This cold-rolled 
ce Bis SN 

Be Ly 

25 “4 


cw 


ss OCTAHEDRAE POLE (TAKEN FROM Fic. 2b). 


structure has been reported most recently 


9 per cent is given as pole figure IT. 


Fic. 2.—POLE FIGURES OF COPPER STRIP. 
a. Rolled 53.5 per cent from a totally cubically aligned structure. 
b. Rolled or per cent from a totally cubically aligned structure. 


Fic. 3b.—Boas AND Scum’s _ 


. eee for 
_ Fic. 3a.—“ AVERAGE”’ MIGRATORY PATH OF ONE 


_ and completely by Brick and Williamson,! — 
whose pole figure for copper strip cold-rolled 
2. When such severely cold-rolled copper . 


eee er ae IN 4 aij Aaa ‘ y 
4 References are at the end of the paper. 


Ao Wiaes See: 
4 , ae + 


strip is annealed, the recrystallization 
ture is almost completely cubically ali 


WwW ‘ Pp Q : 


“MIGRATION OF AXIS OF TE 

For compression the arrows are 
‘reversed. Sith ie 
i 3 


3. Should soft copper strip 
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s cold-rolled to 0.043-in. gauge (a reduc- this migration is occurring may be seen 
mn of 95-5 per cent) and then annealed at in Fig. 3a, where the “average” path 
38°C. (1000°F.). This treatment produced taken from Fig. 2b of one octahedral pole. 
trip of totally cubically aligned structure from its ideal (100) [100] position to its 
ig. 5). This material was rolled to (a) 
nominal o.o21-in. gauge (an actual reduc- 
tion of 53 per cent) and (b) a nominal 
o4-in. gauge (an actual reduction of 
yt per cent). These two strips were pickled 
to o.oo1-in. gauge and subjected to X-ray 


; 0 : RID = a 5 
36.— AVERAGE” MIGRATORY PATH OF Fic. 3¢d—MIGRATORY PATHS OF ALL FOUR ; 
COMPRESSION AXIS. ‘OCTAHEDRAL POLES. 


ae OF Fic. ea UPON 
ae Be =e ideal (100) [112] end position is reproduced. 
From this path and the “average” theo- 
retical path of the migration of the rolling — 
plane as postulated by Boas and Schmid,? 
it is possible to calculate the paths that the, 
v other three octahedral poles should follow. 
al co aiasiio® tex- This has been done for six positions are 
ery path over which - Boas and Schmid’s theoretical pall The 


Fie. 3 {SUPERIMPOSITION or Fic. 3d upon 2b. 


sor RRA. SLO ea yr. 
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resulting three paths are given in Fig. 3d. 
: How well they coincide with the pole 
. figures is shown in Figs. 3e and 3f, where 
the paths have been superimposed upon the 
e 


Fic. 4A. —RANDOMLY ORIENTED ANNEALED COP- 
PER STRIP. X 75. 

Ammoniun hydroxide-hydrogen peroxide etch. 

pole figures. Not only is the coincidence 

apparent for Fig. 3f, where migration is 

fully developed, but also in Fig. 3e, where 

migration is still in an early stage. The 


TaBLE 1.—Chemical Analysis of Copper 


Investigated 

Element Silver-bearing Poaanealenk 
Coppetiny ajc aja 99.96 99.93 
SUI VEL Naiits sales whe 0.038 0.002 
Leads hgckacees Less than 0.05 | Less than 0.05 
THO pt sass Inger 0.01 0.0L 
Phosphorus...... Less than 0.001 | Less than 0.001 
SMICONs.. + ha) Ane Less than 0.01 ’ 


a No gold, bismuth, zinc, cobalt, tellurium, alumi- 
num, tin, or cadmium was detected spectrographically 
in either of the cakes. 


paths shown in Fig. 3d indicate that 
in the migration of the crystals rotation 
_ occurs about the upper left-hand octahedral 
pole until position four—approximately— 
_ is reached, at which point rotation occurs 
around the upper right-hand octahedral 


\ 
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‘ammonium persulphate. The two fea 


27 
ee! Sey 


tion of this type of strip, in a man 
described in the next section. Rie 
The reaction of copper in all three pha: 
described is similar to the behavior of iro 
nickel alloys. (Pawlek,? Wassermann, 
Sachs and Spretnak.°) i 


METALLOGRAPHY OF SOFT COPPER SHEE1 


The metallographic appearance of state 
tically randomly oriented copper (pc ; 
figure I) is well known to the metallurgist. 
A representative photomicrograph of st 
copper is reproduced in Fig. 4. In Fi 
the photomicrographs of totally cubi 
aligned copper are given. Fig. 5a shows t he 
appearance of silver-bearing copper cold- 
rolled from 2.0 to 0.043-in. and annealed 
at 1000°F., when etched with ammonium 
hydroxide-hydrogen peroxide. No grain 
boundaries are observed and little of 
microstructure except strung-out — 
particles is discernible. Fig. 5b is the s sa 
specimen etched with an aqueous sphiiee 
of ammonium persulphate. Square Ta 
mann etch pits have begun to develop 
slight traces of grain boundaries are vis 
Fig. sc is still the same specimen treated 
more heavily with an aqueous solution 


seen in Fig. 55 now appear in bolder 
the etch pits cover the entire grain st 
and the grain boundaries have becom 
chasms. . bi 
When copper is rolled to any temper 
severe than that represented besa: 
figure II and is then annealed, the resu 
microstructure, while not totally cu 
aligned (as represented by pole figur 
still contains a certain pereny 
cubically aligned grains. ; 
Such a condition. is asia in Fig 


varia frond O°. casein gauge +6 


gauge Ca per cent Se and a 1 


~The eet matrix a the 
cubically aligned. This may be s 


the direction of the two sets of twin blocks, 
; which run in a direction of plus 45° and 

minus 45°, respectively, to the direction of 
‘rolling, and at right angles to each other. 


ee 
eres 


mmonium hydroxid 


e the recrystallization twins of copper 
ormally are the octahedral planes (cf. 


‘ on,® Phillips’ et al.), the directions 
ese twin blocks place the orientation 


N 
“ 


Fic. 5 TOTALLY CUBICALLY ALIGNED ANNEALED COPPER STRIP. 
e-hydrogen peroxide etch. X 75- 


20 per cent aqueous solution of ammonium per 
per cent aqueous solution of ammonium persu 
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of the matrix as being cubically aligned. 
This is shown graphically in Fig. 6c. 
Attention is drawn to the fact that the 
etchant has still failed to bring out the 


Ob ey 
faa PARE i= RE 


sulphate etch. Ten seconds immersion. X 75. 
Iphate etch. Two minutes immersion. 250. 


grain boundaries-in the cubically aligned 
matrix. Appearing in. this picture, also, is 
a fairly large grain (about 0.600 mm. long, 
0.200 mm. wide) whose orientation may 


it Sal SUE an i a Sete enna Ris Gail 3h SDL Fa Cs aia rahe gt Bul hs oO 
: f me ‘ Pe TAPAS Sia $ e ‘ 7 ot 
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likewise be derived by its three sets of 70°32’, and 54°35’ with the direc ion 
: twin traces, which form angles of 0°, rolling and thus place its orientati : 


surrounding matrix, (100) oo1. 


y 


SoA] 


1 
Fic. 6¢.—GRAPHIC PRESENTATION OF REA- 
_ SON FOR APPEARANCE OF TWINS OF CUBICALLY 
ALIGNED GRAINS. 
_ The metal strip is shown, its rolling plane 


arrow. Superimposed upon the strip is the unit 
cell of the copper crystal in its appropriate 
_ cubically aligned orientation. Within the cube 
are sketched the four twinning planes (octa- 


upper plane (plane of micrograph) at 45° to the 
rolling direction and at go° to each other. 
4 — 


EFFECT OF ROLLING AND ANNEALING UPON COPPER S 


Fic. 6¢.—PARTLY CUBICALLY ALIGNED ANNEALED COPPER STRIP. X 75. F . herr.) wy! 
Ammonium hydroxide-hydrogen peroxide etch. Orientation of grain in center is (110) 


Fic. 6b— ANNEALED COPPER STRIP CONTAINING EVEN LESS CUBICALLY ALIGNED GRAINS THAN 
SHOWN IN 6a. o ae 


| ‘speckled, its rolling direction indicated by an 
sulphate. The cubically aligne 
’ hedral, or (111) planes) with intercepts on the 


_ An etchant that attacks ¢ 
-manner similar to the 


oak 


jo sialnan yan 


ee ee 


isn ro aes 


F, sa ce nt tin lea nr 


being (110) [112]. This is a holdove fro 
the main rolling texture orientation. his 
orientation has been noticed by Cook and 


throughout the microstructure, which 
cubically aligned. In like manner hese 
grains may be recognized by the distinc 
tive directions in which the two sets | 
twins lie. # tober 3 
Fig. 7 shows how two microstn 
that are not totally cubically aligr 
pear when etched with ammoniuu 
an 
both instances appear white 
of other orientations appear b 
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Fic. 7.—PARTLY CUBICALLY ALIGNED ANNEALED COPPER STRIPS. X 75. 
20 per cent aqueous solution of ammonium persulphate white grains are cubically are 
dark grains have other orientations. 


Fic. 8.— PARTLY CUBICALLY ALIGNED ANNEALED COPPER STRIP. X 75- 
Acidic aqueous solution of ferric chloride etch. 
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FIG. 9.—TYPICAL SERIES OF COPPER STRIP ROLLED DIFFERENT DEGREES AND THEN ANNEALED ATA _ 


CONSTANT TEMPERATURE, 
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eae X ELECTROLYTIC COPPER 
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hydroxide—hydrogen perox 


mmonium 


—ANNEALED COPPER STRI 
5.— BEGINNING OF RECRYSTALLIZATION OF SPECIMEN SHOWN I 


5 
Ke 


G. 14: 


1G. 1 


Ree 


ammonium persulphate does—i.e., eats 
out the metal along its cubic planes—is 
ferric chloride (see Barrett and Levensen’). 
If, however, copper is exposed to the 


16.—POLE FIGURE (111) PLANES OF 45 
GRAINS OF SPECIMEN SHOWN IN Fic. 14. 


Fic. 


etchant for but a short interval of time, 
those grains not cubically aligned are 
preferentially oxidized, so that a black and 
white contrast of a very sharp nature is 
obtained. The maximum variation from 
the ideal (oo1) [100] orientation at which 
the grains still appear white was 18°, as 
determined by twin traces. Two pictures of 
metal etched with ferric chloride for a 
short interval of time are reproduced in 


. Fig. 8. 


This last etch, because it produced a 
picture that is both clear and sharp, offers a 
means of quantitatively estimating the per- 
centage of cubically aligned grains present 
in a given microstructure. The variation of 
the percentage of cubically aligned grains 
with the severity of cold-rolling was deter- 
mined in exactly this manner. A series of 
specimens was rolled various amounts 
from hot-rolled copper, annealed, and then 
etched with the ferric chloride contrast 
etch. Such a series is presented in Fig. 9 
(the last three were etched with ammonium 
persulphate). The percentage of cubically 
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aligned grains was estimated from’ 
specimens by three different operators : 
the percentage of cubically aligned gr 
was assigned to the nearest one of 


Fic. 17.—ANNEALED COPPER STRIP ROL] 
81 PER CENT FROM TOTALLY CUBICALLY AL 
STRUCTURE. R.F. ANNEAL, ace ‘F 
ANNEAL, 1000°F, 


following arbitrary values: O, ta $i 
30, 40, 50, 60, 70, 80, 90, 95, 98, 99, ¢ 
per cent since no greater accuracy 
per cent could be had in estimating | 
middle ranges and one or two per : 


never varied more than plus or mi 
classification: the reproducibility 
technique was accurate to within 
limits. € * 
Figs. 10 to 13 show the variati on 
cubically aligned grains with percent 
reduction previous to the final a 
different conditions. The ge 


Le ne Na Oe» 


ey lies within 18° of the rolling plane 


olling direction is 4.1 per cent. This 
entage is given for the hot-rolled 


. A. RID ca 
IG. 18a.— SUPERIMPOSITION OF ONE SET 
ECRYSTALLIZED _ POLES FROM Fic. 16 ON 


a metal was hot-rolled. Only one 
ysis is represented but different anneals 
. been used. In Fig. 12, the initial con- 
of the metal was cold-rolled and 
led but contained little or no cubically 
en. In Fig. 1 3, the initial condi- 


sled sad contained various eke apis 
ally aligned grains. 

‘map” in Fig. 1, shows that if a 
ly y cubically aligned aanetied structure 
rther cold- rolled, the cubically aligned 


2 per cent reduction (Fig. 14) the 
developed are huge, running as 
centimeter or two at times. (Fig. 
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15 shows the beginning of recrystallization: 
few nuclei have formed.) These huge 
grains are freely and distinctly twinned, 
and this characteristic allows determination 
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18b.—SUPERIMPOSITION OF ONE SET 
OF OCTAHEDRAL POLES OF (110) 112 ORIENTA- 
TION ON Fic. 3d. 
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TION OF HOT-ROLLED COPPER. 


of their orientation by stereographic means 
(Barrett!). Fig. 16 is a pole figure of the 
octahedral poles of 45 grains of their type. 
The poles lie close to pon ioas best 
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G ) Between [551] and’ a 2° from [sor] ae respectively, mean cold-rolled: 
from a random orientation, — 

constituent of the rolling texture, 

[roo], forms the nucleation and 1 

textures upon recrystallizati 


And yet another whose orientation was 
R.P. Ri 

(100) 14° from [oor] 

The orientations of three grains could not 
__be determined because of an insufficient 
ae number of sets of twin traces. : bi ne 
This mode of recrystallization is highly _ texture. It is apparent that nuclea 
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when the metal has been rolled 81 and gr 
per cent. This may be seen from the 
prevalence of twins running in a direction 
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90 


45 
ANGLE TO ROLLING 
DIRECTION 


trolytic copper strip, rolled 92.5 per cent, annealed 500°C. (Bauer, v. Giéler and Sachs). 


-80 


a 
o 


re 

PA 

Wd 

oO 

a 

Wd 

aA4o 

! 

r4 

Fo) 

5 

Boor FAHRENHORST 

4 MATTHAES 
SCHMID 


or = 45 90 


ANGLE TO ROLLING 
DIRECTION 


d. ee ke copper strip, rolled 96 per cent, annealed 500°F. 


closely parallel to the rolling direction, at 
70° to the rolling direction, and at approxi- 
mately 55° to the rolling direction. This 
condition is different from the orientation 
represented in Fig. 16: a second transmuta- 


tion has taken place. The angles of these 


twin directionsindicate that the orientation 


- into which this strip has almost completely 


recrystallized i is the (20) [x12] position. 
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A comparison of the textural patterns of 
the rolled and annealed states may now be 
made. In copper strip that has been cold- 
rolled ox per cent (Fig. 2), the migration of 
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Fic. 23.—DIRECTIONALITY OF TENSILE PROP- 
ERTIES OF SILVER-BEARING COPPER WITH 80 
PER CENT CUBIC ALIGNMENT. 
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octahedral poles is in full progress; the end 
position, (110) [112], is well populated. 
Upon recrystallization, these most ad- 
vanced positions have acted as nuclei, and 
the annealed metal is composed of grains of 
this orientation. In copper strip that has 
been cold-rolled 22 per cent, the migration 
of octahedral poles is just developing—the 
poles have traversed only a portion of their 
respective paths. Superimposition of pole 
figure 16 upon Fig. 3d shows that the 
primary recrystallized poles do indeéd fall 
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on the paths of migration, and at a ] 
that is only part of the way along the 
It is reasonable to assume that these 
the most advanced poles in the rolled 
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Fic. 24.—ERICHSEN CUP TEST OF 
TROLYTIC COPPER OF I00 PER CENT 
ALIGNMENT. 


since the pole figure of material rolle: 


Randomly oriented copper should 
retically possess equal properties i 
directions. True hot-rolled copp 
proaches this ideal condition. Fig. 1 
the tensile strength and elongatio 


come identical in all directior 
properties of totally cubically 
annealed copper strip, on the other 
because the orientation is so pure, 
markedly and in a characteristic n 
A number of investigators hav 


: Besarcdnccd | in Fig. 20 are the results 
of Késter, ™ Bauer, v. Goler and Sachs,!2 
Fahrenhorst, Matthaes and Schmid,’ Ls for, 
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Késter’s curves for copper that is hydrogen- 
rich and hydrogen-poor, and from the 
curves developed in this research for 
electrolytic and_ silver-bearing copper. 
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his investigation two compositions 
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20°, 30°, 40°, 45°, 50°, 60°, 70°, 80°, go° 
irection of. i gelbve (Figs. 21 and 22). 


and in this investigation do not 


per—silver-bearing and tough-pitch 


but the shapes of the curves 
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"IG. 25.—DIRECTIONALITY OF TENSILE PROPERTIES OF ELECTROLYTIC COPPER OF 100 PER CENT 
: CUBIC ALIGNMENT AS A BASIS FOR ERICHSEN CUP TEARS SHOWN IN Fic. 28. 
4, tensile strength; b, elongation; c, true tensile strength; d, stress analysis of Erichsen cup. 
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: a6, -DIRECTIONALITY OF TENSILE PROPERTIES OF ANNEALED COPPER STRIP WITH SMALL PER- 
: CENTAGES OF CUBICALLY ALIGNED METAL. 


Grain size, also, will affect the actual values 
obtained. But the shape of the curves is a_ 
function of the orientation of the strip. The 
correspondence of the form of these curves 
to those for a single crystal of copper 
(Czochralski!*) has already’ been pointed 
out by Késter.1 

The distinctive shape of these curves is 
not peculiar to microstructures of 100 per 
cent cubically aligned textures but occurs 
also for copper containing percentages of 
cubically aligned grains down to roughly 70 
per cent. Thus, the same distinctive curve 


of tensile strength and elongation is noticed — 


for copper strip that has been rolled 16 
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B. and S. gauge numbers, and which when 
annealed contained but 80 per cent cubi- 
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Fic. 27 .—DIRECTIONALITY OF TENSILE PROP- 
. ERTIES OF ANNEALED COPPER STRIP ROLLED 
FROM TOTALLY CUBICALLY ALIGNED MATERIAL. 


cally aligned grains (Fig 23). The minimum 


. critical percentage of cubically aligned 
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grains that give rise to this aa 0 
not definite. Some specimens that conti 
as low as 60 per cent cubically ali 
grains yielded this type of curve; 0 
specimens of the same percentage 
The decisive factor here seems to 


a continuous matrix, as for instan 
illustrated in Fig. 8a, the curves wane b 
the type under discussion. A contin 
matrix is usually formed in the ran 
60 to 70 per cent cubically aligned g 

These characteristic tensile-stren 
elongation curves are related to— a 
phenomenon evidenced by copper 
containing high percentages of cubica 
aligned grains. This phenomenon 
distinctive type of rupture that is 
countered in an Erichsen cup test, 


rolling. This behavior of copes 
noted by v. Géler and Sachs.?* In | 
the tensile strength, the elongat 
derived from these two values, 
tensile strength* for a specimen th 
four such tears in an pater. 


Since the true tensile strength is a 
mum at o° and go° to the dire at 
rolling, the failure occurs first a t 
points. 

This ani eis offers a m 
quickly testing for the amoun of 
“True stress (Ludwig's true str 


actual stress in the test piece, c 
be ey: of area ope she test 


70 per cent; round or circular breaks, from 
© to 30 to 4o per cent. Only a moderate 
mount of experience is needed to make 
ese rough subdivisions. 

The tensile properties of copper strip 
containing less than 60 to 7o per cent 
bically aligned grains assume entirely 
ifferent patterns from those just discussed. 
Fig. 26 the directional properties of 
pper strip with low percentages of 
bically aligned grains are reproduced. 
1e fact that these curves are not equal at 
angles to the rolling direction even 
| where there are no cubically aligned grains 
"present shows that there is some form of 
erred orientation present—perhaps of 
low a symmetry to be positively identi- 
by photomicroscopic means, yet 


that has been previously rolled from 
lly cubically aligned material are given 


of orientation found in copper strip. 
g. 28, the percentage ear height is 


oduc a at o° and 90° to the direction 
ig. This relationship is more direct 


innealing temperature, for instance, 
height and ready to finish annealing 
nperature, or ear height and final reduc- 

cold-rolling, since these factors in 
rious combinations can produce a widely 


an y relation between ear height and. 
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varying percentage of cubically aligned 
grains in the final strip. 

It should be pointed out here, of course, 
that-each drawing operation is a separate 
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problem and should be individually cor- 
related to the microstructure of copper 
strip. 

Cups drawn from copper strip that has 
been rolled from a totally cubically aligned 
structure and then annealed yield four ears 
at 45° to the rolling direction. These ears 
are not the same as those drawn by K. 
Kaiser,!® which were caused by rolling 
from a [100] (120) structure (cf. Dahl and 
Pawlek?’). 


SUMMARY 


1. The pole figures for copper rolled 
53 and o1 per cent from a totally cubically 
aligned structure have been developed. 

2. The rotation of the copper crystals 
when rolled from a cubically aligned posi- 
tion is described. 

3. The variation of cubically aligned 
grains in soft copper strip with the 
severity of the final reduction for different 
starting conditions is reported. | 

4. The microstructure of soft copper 
sheet that has been previously rolled from 


a totally cubically aligned structure is 


described. 
5. Acorrelation between the rolled struc- 
tures of copper when rolled from totally 
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cubically aligned strip and their corre- 
sponding annealed structures is drawn. 

6. The tensile strength and elongation 
of copper for different microstructures 
_ have been determined.. 

7. The use of the Erichsen cup as a 
quick test for determining the amount of 


-cubically aligned grains in the copper 


microstructure is developed. 

8. A correlation between the earing 
tendency of copper and cubically aligned 
grains has been demonstrated. 
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of Sand-cast Alloys in the Magnesium-rich 
Corner of the Magnesium-aluminum-sinc 
System, 346; discussion, 364, 365, 368 
a Cc 
CARAPELLA, L. A.: Discussion on Properties of Sand- 
cast Alloys in Mg-Al-Zn System, 365 
x Carbon: solubility in molten copper: amounts, 135 
detrimental effects, 128, 141 
literature: review, 128 
- Carnegie Institute of Technology: study of the theory 
’ of sintering metal powders, 474 
poweren, F. E.: Discussion on Behavior of Ruthenio- 
palladium in Torch Flames, 435 : 
Or Chase Brass and Copper Co.: graphical methods of 
' representing some bencitings of plasticity 
in metals, 55° 
study of effect of rolling and vinabitng upon the 
crystallography, metallography and phys- 
ical properties of copper strip, 591 
CurpMan, J.: Discussion on Diffusion of the Stable 
f Isotopes of Nickel in Copper, 126, 127 
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Copper-base alloys (see also Brass): of 4 
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- Mosaic structure. See Structure of Metals. 

_ Murpuy, J. P. and Leontis, T. E.: Properties of 
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Microstructure of Sintered Steel, 556; 
discussion, 570 et seq. 
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Powder Metallurgy, 587 
on The Pressing Operation in the Fabrication 
of Articles, 504 
on Theory of Sintering, 490 
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Structure of metals: brief bibliography, 52 
crystals: types defined, 48 
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X-ray and thermodynamic evidence, 50 
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microstructure. See Electron. 
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